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INTRODUCTION

The Tenth Basic Research Group Contractors' Conference and
Symposium wes held on 24-26 October 1961 at USAERDL, Fort Belvoir,
Virginia. Papers by contractors and staff members of the Basic
Research Group were presented as well as invited papers by guests
of the symposium.

In order to allow more time for discussion fewer papers were
presented at this conference in comparison with previous years. It
vas felt that considerable gain by informal discussion was achieved.

Since the proceedings of the Ninth Basic Research Group Con-
tractors' Conference and Symposium were enthusiastically received,
not only by the contractors, but also by organizations and individ-
uals working in the field, the Tenth Contractors' Conference and
Symposium is herewith also covered by printed proceedings.

We wish to extend our thanks to all the authors and to those
who contributed to the several discussions. They were responsible
for the success of the symposium and for this impressive volume.
To the authors of the invited papers special thanks should be given
because their contributions considerably increased the value of the

symposium. ‘

Some authors preferred to publish the papers they gave at this
conference elsewhere. For this reason only the abstracts of their
papers appear in the main body of the proceedings. Authors who did
not submit their manuscripts will find that only the abstracts ap-
pear in this volume.

As in the past year, an informal expression of opinion was
solicited from all participants of this conference as to the desir-
ability of continuing annual conferences of this nature. The result
of this canvass was so encouraging that it was decided to hold an
eleventh contractors' conference and symposium next year. Tenta-
tively, this eleventh conference will be held again at USAERDL,

Fort Belvoir, Virginia, sometime in the Fall of 1962. Any sugges-
tions for improving the conference will be appreciated.

Z. V. HARVALIK
Director
Basic Research Group
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A STUDY OF THE THERMAL PROFILE OF SOLUTIONS
by

0. F. Kezer, Jr.
Basic Research Group
U. S. Army Engineer Research and Development Laboratories
Fort Belvoir, Virginia

The background information necessary for the growth of good
crystals of any compound comes from a wide variety of sources. It
is believed that a great deal of this information may be derived
from a study of the physical and thermal chracteristics of the crys-
tal growing solution. This study of the saturated and unsaturated
solutions should give the experimenter a better understanding as to
the nature of the compound. It was observed during purification and
saturation studies made in connection with the growth of NaN3 crys-
tals that there was a marked difference between the temperature at
the surface of the solution and at the surface of the undissolved
solute. It was observed that this difference in temperature was
related to the formation of crystallizing nuclei and their subse-
quent growth into good crystals. This temperature difference being
in the form of a thermal gradient allows the use of standard labora-
tory equipment for its measurements. If these measurements are
handled with care, thereby decreasing the possibility of contamina-
tion, this allows the solution to be used for future crystal growth.

The preliminary thermal profile studies were carried out on
large containers of NaN3 solutions. Similar studies were also car-
ried out on distilled water and these results used as a reference
for the NaNq work. The temperature measurement was carried out by
use of thermocouples and an L. & N. Gelvanometer. This instrumen-
tation was later refined such that the original thermocouples were
replaced by speclal calibrated thermocouple probes and the galva-
nometer was replaced by a multi-channel strip recorder. This
arrangement allows for continuous recording of the data and elimi-
nates to a large extent the error introduced by the human element.
The heat source remained the same as before, a 1lh" x 21" laboratory
heater. A total of 16 of the precision thermocouple probes were
arranged throughout the container such that the temperature at var-
ious horizontal and vertical positions could be measured during an
experimental run. On the basis of this physical arrangement of the
thermocouples, the recorded data was considered as a series of
cylindrical shells oriented both vertically and horizontally. 1In
addition the data was also treated as an ellipsoid of revolution
oriented vertically in the container.



During the heating and cooling cycles a series of concentration
zones are visible in the solution. As the temperature increases
these zones migrate toward the surface in conjunction with their as-
soclated temperature zones, and are replaced by zones of greater
concentration and temperature. By measuring the vertical distance
between the top of the solute and these zones it is possible to de-
termine their respective concentrations. In addition, by observing
the relationships of these zones to the zones where crystallizing
nuclei form and subsequent growth of crystals result, one may deter-
mine a crude representation of the solubility curve for the respec-
tive compound under study. In most instances the resultant curve
will be sufficiently accurate for crystal growth work. It is also
possible on the basis of this information to empirically determine
the concentration of the zones present in the crystal growth con-
tainer merely by knowing the thermal gradient present. Since tem-
perature is not the only critical factor in crystal growth, the
influence of other factors on the growing solution must be consid-
ered. These considerations must be made in view of their relation-
ships to the thermal environment such that by one temperature meas-
urement the locelized properties of the growing solution will be
known. As a result of the correct interpretation of the thermal
profile data, information may be derived on the pH, concentration
and numerous other thermally related factors at any point in the
crystal growing solution relative to time.

After the meximum temperature is achieved and the source of
heat is removed the next phase of the profile work comes into being.
As the solution cools thermal gradients are set up in the solution
such that at the point where the most perfect thermal gradient for
the compound under study is achieved, crystal nuclei will form. If
conditions remain suitable the nuclel will attach themselves to the
tip of the nearest thermocouple and continue to grow in place rather
than settle to the bottom of the container which, in all probabil-
ity, will be a less suitable environment for continued growth. A
good example of the importance of the thermal gradient can be ob-
served in NaN3 solutions.

It has been observed that as the thermal gradient decreases a
point is reached where good crystals are no longer produced and sim-
ple twinning becomes prevalent. A further decline in the thermal
gradient results in the formation of overgrowths, complex twinning,
and an excess of solute precipitated on the bottom of the growing
container.

Summation. On the basis of the thermal profile studies the
crystal growth environment most suitable for the compound and per-
fection of crystals required may be derived. It then becomes neces-
sary to duplicate this growth environment on a larger scale by the
use of suitable instrumentation.
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ORDER-DISORDER PHENOMENA IN THALLIUM AZIDE

by

B. Krause
Basic Research Group
U. 5. Army Engineer Research and Development Laboratories
Fort Belvoir, Virginia

As is well known, x-rays are diffracted by crystals in a man-
ner similar to optical light by 3-dimensional optical gratings.
In the case of parallel, monochromatic x-ray radiation and perfect
crystals, one would expect sharp diffraction peaks at well defined
angles with very rapidly diminishing intensity in the vicinity of
these angles. A broadened intensity distribution around the dif-
fraction angle allows conclusions about disorder phenomena within
the crystal. These may be of differing nature, such as distortion
of the unit cells of the crystal, mosaic character of the crystal
with only small regions of coherent scattering, stacking faults, or
other statistical deviations from the 3-dimensional translation
periodicity. In order to decide between these possibilities, one
has to consider the mathematical character of the whole intensity
distribution around the diffraction peak angle. We will refer to
this angle-intensity-distribution as a line profile. The efforts
described below were dedicated to measuring these line profiles
accurately enough to make theoretical interpretation possible at a
later time.

Line profile studies on T1N3 were carried out at different
stages of irradiation with soft x-rays and at different stages of
annealing. The experimental arrangement consisted of a copper
x-ray target operated at 35Kv, 39 ma.,"wide angle goniometer with
scintillation counter, pulse height discriminator, and counting
rate computer as shown in Fig. 1. The sample in the center of the
goniometer was in the form of a powder. A nickel filter between
the x-ray source and sample served as a partial monochromator.
This arrangement provides neither ideal geometrical conditions nor
perfectly monochromatic radiation, resulting in an additional
broadening of the diffraction line profiles. A distinction between
"instrument" broadening and crystal disorder broadening, however,
is possible by mathematical procedures developed by Stokesl.

One of the reasons for studying line profiles was to obtain
quantitatively accurate results of relative lattice constant changes
caused by x-rays. In the case of the alkali-halides, for instance,
the knowledge of density changes measured by x-ray methods, as com-
pared with density measurements by other methods, would be valuable
in order to decide between different types of lattice defects (such
as Schottky and Frenkel type defects)2. The density changes,



EXPERIMENTAL ARRANGEMENT
Figure 1

however, are very small, in the order of magnitude of 10~k per hour.
Besides, the changes occur continuously even within the measurement
of a single line profile, which make any evaluation very time con-
suming. In order to relate a measured line profile to a certain
time, intensity-time interpolations for each angle increment as
demonstrated in Fig. 2 were made. The plotting of those interpo-
lated intensities versus the diffraction angle then gives the de-
sired line profiles. From Fig. 2a and 2b of the left and right

side of the diffraction peak, it can be easily visualized that the
line profile as a whole shifts towards smaller angles. Another
effect is the profile broadening as demonstrated by decreasing res-
olution for consecutive angle increments. Most of the changes occur
during the first 30-40 hours. Figure 3a and 3b show similar plots
for the (200) diffraction line. It is evident that no appreciable
line shifts occur and that also the line broadening is much smaller
than for the (002) peak discussed before. This is even more evident
in Fig. 4 and Fig. 5 where line profile changes for various reflec-
tions are shown. Reflections mainly determined by the crystallo-
graphic c-direction show strong line profile shifts and changes;
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reflections determined by the a and b direction remain relatively
unchanged.

Quantitative evaluations were done by calculation of the ab-
scissae of the center of gravity for each line profile and by using
this value as the diffraction angle 20 in the Bragg formula for
lattice constant determination. Since the tails of the line pro-
files were rather inaccurate we used the Ladell3 method which con-
siders only the main part of a line profile and cuts off the tails
with a line drawn parallel to the background in a theoretically
well defined way. But even with this cut-off method, the results
become less reliable as the lines become broader and for advanced
irradiation times no quantitatively reliable values can be obtained.
Figure 6 shows relative lattice constant changes for a and c.
¢ was calculated from the 202 reflection by assuming a to be con-
stant, an assumption that undoubtedly introduces some errors into
the result. Some changes, although much smaller than in the c-
direction, undoubtedly take place for a also. They may be either
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lattice contraction as shown in Fig. 6 or lattice expansion, differ-
ent for different samples. A plot of ¢ versus the logarithm of the
irradiation time (Fig. 7) shows a rather linear region between 2 and
200 hours. An extrapolation of the time to zero is rather difficult
since the changes are most pronounced at the beginning of an
experiment.

The lattice constant changes can be reversed by annealing the
sample as shown in Fig. 8, and the line qualities can also be im-

proved. However, at the beginning of the annealing process the line
profile becomes even broader than at the end of the previous
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irraediation period. The peak, on the contrary, is shifted towards
even smaller angles than at the beginning of the experiment. The
annealing time of 54 hours at 100° C after only 13% hours of irrad-
iation does not seem sufficient to restore the original crystal
quality nor does a 46 hour annealing after 3% more hours of irradi-
ation. It may be noted at the beginning of each irradiation that
during the first hour the peak quality seems to improve as observed
by the better resolution of the « and ay peaks. An appreciable line
profile change occurs only after about 3 hours while line shifts
take place immediately and are strongest at the beginning. The lat-
tice constant changes, corresponding to Fig. 8, are shown in Fig. 9.
Whether or not the stronger changes are typical after the first
annealing cannot yet be decided. Annealing effects can also be ob-
served at room temperature; Fig. 10, which shows the intensities
for angle increments to the right of the diffraction peak, 1s simi-
lar to Fig. 2b, except that the irradiation was interrupted twice.
The two effects of this incomplete annealing are a change in the
line profile and an increased rate of change upon renewed irradia-
tion. More data have to be gathered in order to explain the anneal-
ing mechanism.
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LATTICE CONGTANT °C° CHANGE DURING IRRADIATION AND ANKEALING
Figure 9

As mentioned above, the x-ray irradiation not only causes line
shifts but also line profile changes. In order to evaluate those,
one has to eliminate the effects of the "instrument broadening".
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IRRADIATION AND ANNEALING EFFECTS
AT ROOM TEMPERATURE

Figure 10

This is possible by mathematical unfolding procedures, presuming one
knows the diffraction line profile of perfect crystals diffracting
at the same angle and under the same experimental conditions as the
sample in question. We tried to obtain this required function g(x)
from curves such as in Fig. 2 by extrapolation to irradiation time
zero. The required line profile f(x) due to radiation broadening
only is obtained by unfolding the measured broadened profile h(x),6

h(x) = J' f(y)g(x-y)dy. (The variable in this case is in units of

angular displacement of a point from the theoretical scattering
angle 20.) This is achieved by Fourier procedures and the desired ~
function f(y) can also be obtained in the form of a Fourier series.
A computer program for these lengthy computations was availablelt,
The unfolding results for a special line profile are shown in Fig.
1l1. The broadening of the line profiles with increasing irradiation
time becomes evident from Fig. 12. The Fourier coefficients A, of
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the series f(y) =i A, cos (2 nnh3) allow conclusions as to the

- 00
character of the line broadenings. However, the results of this
approach will be discussed at a later time. The only evident result
from Fig. 13, showing plots of A, versus n for different irrediastion
times, is the following: as in the case of the lattice constant
shifts, strong changes occur mainly at the beginning of the irradia-
tion period and slow down later on. It is possible that the start-
ing time of this process does not coincide with the beginning of
irradiation, but may occur one to three hours later.
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X-RAY RADIATION DAMAGE OF ALKALI AZIDES

by

E. L. Hendricks and B. Krause
Basic Research Group
U. S. Army Engineer Research and Development Leboratories
Fort Belvoir, Virginia

The work presented here is an addition to the results, pre-
sented at the last Contractors' Conference, on anisotropic lattice
constant changes in x-ray irradiated azides. These changes were
calculated from x-ray powder diffraction data. The azides studied
vere all of similar structure, namely, either a regular or slightly
distorted KN3 structure1:2:3:ﬁ (Fig. 1). This structure is
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tetragonal and resembles the cubic CsCl structure. The lower point
symmetry of the N~ ion as compared with the Cl~ lon gives rise to
the tetragonal dimensions of KN3, RbN3, CsN3, and TINg3. AgN3 being
partly covalent is reduced still more to an orthorhombic structure.
The additional work was done to determine if the similarities of
decomposition observed were coincidence or a typlcal reaction for
this type structure.

Last year data on AgN3 and T1N; were presented showing lattice
changes with irradiation. Both showed relatively strong expansions
in the crystallographic "c" direction. The "a" direction for TI1N3
showed practically no change.

An investigation of RbN3 has been made using peak position data
only. An expansion in the "c¢" direction as with other samples was
observed while the "a" direction remained unchanged. This expansion
is of the same order of magnitude as that for T1Ng (Fig. 2).
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Figure 2

It was observed that where a lattice constant expansion was ob-
served, 1t was accompanied by a broadening of the line profile of



» s M P . ~ . T Y ..

19
LINE PROFILE CNAMGQES IN Kity

e
A RRADATION; 163 ———
/1\ -
J 1\
J 1\
/ \
(200) §
/
prd
[ —< ”_z_g_"'” NO W0 BN DX He NHo Be BN BR B0
|
_‘& IRRADUATIN: 161 —
A\ aHoprs —
A\N
171\
AN
A\
2
— T nﬁﬁﬁnj_"_uju %O w0 R0 w0 | B RooBno

Figure 3

the reflection. If the converse of this were to hold true a change
in KN, should occur, though it was not observed last year within the
accuracy of the measurements (Fig. 3). Consequently, this profile
date was reevaluated. The center of gravity instead of peak posi-
tion was used for determining the diffraction angle thus getting a
smaller statistical error. The results indicated an expansion in
the "c" direction while the "a" direction was unchanged (Fig. 4).

If it is possible to draw conclusions from the few samples
studied, the data indicates that lattice constant changes are much
less in predominantly ionic than in partly covalent compounds. In
all cases observed there was a comparatively strong expansion per-
pendicular to the plane of the nitrogen chains. The reflections
which show the lattice constant expansions also show the most
broadening which indicates the highest degree of disorder. Small
lattice constant contractions on the contrary, as observed by us in
the "a" direction of AgN3 cause little disorder.

Keating® exposed NaN3 to pile irradiation and found the "c"
direction contracting slightly and reported no change in "a",
vhereas we observed changes in the "e¢" direction with "a" nearly
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constant in the above mentioned azides. Along with this he observed
that the (009) reflection was not much broadened while the (110) re-
flection was. This is no contradiction to our results if we take
into account the different structure. In NaN3 the nitrogen chains
are perpendicular to the a-b planes instead of horizontal as in the
above mentioned azides. We suspected that the strong line broaden-
ing of the (110) peak was coupled with a lattice constant expansion
perpendicular to the nitrogen chains.

We tested a NaN3 sample and found that this expansion was pres-
ent and in the same order of magnitude as for KN,. This expansion
cannot be explained by stacking fault theory as applied by Keating,
which predicts lattice constant shifts for reflections where the
equation h-k = Ml (h, k - Miller indices, M - natural number)
holds. The shifts required by stacking fault theory could not be
detected by Keating. He did, however, report a contraction in the
"e" direction (direction of the nitrogen chains) which would corre-
spond to the lattice constant contraction of "a" in AgN3. Since
different mechanisms of decomposition may be present, the lattice
expansions observed by us do not preclude the possibility of stack-
ing faults being present.

If the rule that a major disorder occurs in plenes perpendicu-
lar to the plane of the nitrogen chains holds true, it should be a
valuable aid in determining the structure of a-lead azide. «-lead
azide shows an expansion in the "a" direction indicating that the
nitrogen chains should be parallel to the (b-c) planes.
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INORGANIC OZONIDES

by

Irvine J. Solomon
Armour Research Foundation
Chicago, Illinois

Alkali metal ozonides, except lithium ozonide, may be prepared
by the reaction of either the metal hydroxide or superoxide with
dilute gaseous ozone. All of these compounds are red, paramagnetic
solids that are soluble in liquid ammonias; their stability in-
creases as the size of the cation increases.

Sodium ozonide appears to exist in two forms; one is soluble
in liquid ammonia and unstable at room temperature, and the other
is insoluble and stable.

Ammonium ozonide has been prepared by the low temperature ozon-
ization of ammonisa, and has been characterized by electron paramag-
netic resonance and visible spectroscopy. Its visible spectrum has
the characteristic five-peaked ozonide structure which shows & maxi-
mum in the vicinity of 450 mu The compound is thermally unstable
and starts to decompose above -120° C. Its decomposition products
are ammonium nitrate, oxygen, and water.

Tetramethylammonium ozonide has been prepared and characterized.
Electron paramagnetic resonance measurements show that the compound
is a free radical with one unpaired electron. Its visible spectrum
is very similar to those of the alkali metal ozonides, which have
wavelength maximums near 450 mu. The solubility of tetramethyl-
ammonium ozonide at -63° C is 1.3 o g per 100 g of liquid ammonia.
The heat of formation of the pure material was found to be 49.5 % 4.2
kcal per mole.

The structure of potassium ozonide has been calculated from
x-ray diffraction powder data.
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INTRAMOLECULAR CHANGES INITIATED BY
ELECTROPHILIC ATTACK ON AILKYL AZIDES

by

J. H. Boyer
American Chemical Society
Washington, D. C.

A measure of the base strength of hydrogen azide (pKa for
H2N3+ = - 6.21)l suggests that simple alkyl azides will be quali-
tatively comparable to simple aromatic ketones in base strength
(pKa for CeHsC(=OH)CH3 = - 6.03 and p-CH3CEHLC(=0H) CH3 = - 5.35).2
Each terminal nitrogen of the azido group may be attacked by the
proton, and presumably by other electron deficient reagents; how-
ever, our present information is most reasonably satisfied with the
assumption that protonation occurs at the substituted nitrogen.

+
RN=N=NH o3 RN3 + H¥ = RNEN®N

Reversible dissociation of the conjugate acid of an alkyl azide
generally favors the formation of the proton and an alkyl azide
rather than a carbonium ion and hydrogen azide. Reéesonance stabili-
zation of the triphenylmethyl cation accounts for the exceptional
dissociation of the conjugate acid of triphenylmethyl azide in con-
centrated sulfuric acid at 150°.3

Irreversible dissociation of nitrogen from the conjugate acid
apparently occurs at measurable rates in weasker acid environments
but may occur explosively fast in the presence of strong acid.
Apparently rearrangement is synchronous with loss of nitrogen.h It
is assumed that the same conjugate acid may result either from an
alkyl azide in strong acid or from the corresponding carbinol and
hydrogen azide in strong acid. This is demonstrated in the forma-
tion of piperidine and cyclopentanone from cyclopentyl azide and
from cyclopentanol.3

These reversible and irreverisble reactions represent general
acid catalysis of simple alkyl azides.

In an acid catalyzed reaction of a-azidophenylacetic acid,
phenyl migrates in preference to hydrogen to bring about the forma-
tion of the assumed intermediate anil of glyoxylic acid.® Dimeriza-
tion of the anil with the formation of 0,0'-diamino stilbenedicar-
boxylic acid is not understood. The same product was previously
obtained from the anil of glyoxylic acid in acetic acid and from
aniline and dichloroacetic acid in the presence of sodium acetate.6
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- + — +
ROHgNs + H¥ ——> [RCHaNHNZN) RCHe* + N

I
(]
(CqHs) sCNs M ( CeHs) sCOH

;;304,HN5 (Lifschitz and Girbes 1928)

1 .%\ RCH=NH + HaC=NR

0
NN P
(CHe) ¢ CHNs :HaS0s HeSO. (CHg)« CHOH

LY

as trimer

Boyer, Canter, Hamer and Putney 1955, 1958.

Figure 1

0.

CeHsCH( Na) CO2H 3_:—.‘—9 [CoHyN=CHCORH]
I
acid

2 [1] — g—mnc.m?-fc.mm-g

HO2C COgH IX
Boyer and Stocker 1956.

AcONa AcOH

CeHgNHa + ClaCHCOgH ~—— II —

Heller 1910

Figure 2

Acid catalysis of simple alkyl azides promotes the migration of
hydrogen, in preference to alkyl, from carbon to nitrogen; however,
the products required from both rearrangements are detected.3,T It
appears that smaller alkyl groups migrate more readily than larger
ones.

In earlier investigations it was anticipated that acid cataly-
sis of ethylene azidohydrin in the presence of benzaldehyde would
produce aminoacetaldehyde in situ and that subsequent condensations
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would lead to a new synthesis of isoquinoline. This .did not occur.

The products formed in good yield were N-ﬂ-hydroxygthyl-benzamide
and its dehydration product 2-phenyl-A?-oxazoline.

[RCHeNHNe]*  —3 ROH=NH + HeC=MR

I 11
1 220, Rowo + NHs 1 29, mco + RHe
R RCHO( %)
n-CaHy 40 (HgCO, 12%; n-CsHyNHg, 6%; NHs, detected)
n-Ceiiy 73
n=CrHis 60 Boyer, Canter, Hamer, Putney 1956.
n-Cia1Has 88 Boyer, Porter, Unpublished results.

Figure 3

NaCHaCHgOH —=¢) HN<CHCHsOH ——3 HeNCHaCHO
~Ng
I I

11 CeHsCHO. ¢ g cHmNCHecHO H2S0¢,

HeSO04 ~HgO
Oa—CHg
I d// N\
Ce¢HsCHO ———) CeHs CHe + CgHgCONHCHeCHaOH
N :}j:lo

Boyer, Hamer 1955.
Figure k4

Apparently the competition for the azide favored the conjugate
acid of benzaldehyde over the proton. This was unexpected since
earlier reports indicated that no reaction occurred between methyl-
azide and either benzoic acid” or acetophenonelo in sulfuric acid.
The new reaction was immediately reminiscent of the Schmidt reaction
between benzaldehyde and hydrogen azide in sulfuric acid leading to
the formation of benzamide, formanilide, benzonitrile and phenyl
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isocyanide. The generally accepted explanation for the Schmidt
reactionlO,1ll accounts for these products.

OH

CeHsCHO —3 c,n;c':m;;, LN CeligCH-NN; N2
HzSO4 7

+ +
CeHsC=NH (I) + HC=NCeHs (II)

-H+
ColsCN 1 I HeO | cotpcoNiz

CeHaNC (i_ Ir _“2_2_, HCONHCgHs
H

Smith (1948); Newman (1947).
Figure 5

A simllar argument suggests four products from benzaldehyde and
an alkyl azide in sulfuric acid. Two of these are not diagnostic
since they are also produced by general acid catalysis of the acid.
The other two, an N-alkylaniline and an N-alkylbenzamide, have each

been obtained in several examples.

OH OH
R o+ - |
CollsCHO 'y  CeHeCHOH ACHaNs , CeHaCHN; L> CeHsCHNCHzR
+
CHgR
I
OH

|
HON(CeHg) CHeR ___y HCON(CeHs) CHeR — CeHgNHCHzR

OH
|
C.H.gNHGHgR — CeHgCONHCHaR

?H ?H
+
CeligCHNHCHR —— CeHsCHN=CHR — CelisCHO + HN=CHR
OH OH

| + ]
CaligCHN(R) CHy —3 CeHaCHN(R)=CHs ==y CqHaCHO + RNeCH

Pigure 6



f .
PR S e 8 - —

29

The reaction carried out in benzene as solvent affords an
N-alkyl aniline with no detectable amounts of an N-alkylbenzamide.
On the other hand the reaction with excess benzaldehyde serving as
solvent affords N-alkylbenzamides without N-alkylanllines. Perhaps
aldehyde solvation of intermedigtes represses the migration of aryl
groups from carbon to nitrogen. »12  The presence of strong electron
releasing groups in positions ortho or para to the carbonyl carbon
atom inhibits a reaction between aldehydes and azides probably as a
result of a decrease in the acidity of the corresponding aldehyde
conjugate acids. Electron attracting ring substituents, e.g.,
nitro, may inhibit the reaction at the earlier stage in which pro-
tonation of the aldehyde is required.

CesCHO + RNy Sefle , He0, ooy wum
H2S04
~N2
R Amine Unreactive benzaldehydes
n-Butyl 22 p-methoxy
n-Hexyl 25 p-nitro
n-Octyl 18 m-nitro
Phenyl 10

p-CHsCoHecHo MCalloNs . o cyscuoNHO(He  (21%)
HeS04

Cells
CeHsCHO + CeHsCHgCHgNs iﬂ_".”;, CeHsCONHCHgOHa Calis  ( 20%)

Boyer, Hamer 1955. Boyer, Morgan, 1959.

Figure 7

In the formation of A2 - oxazolines from aryl aldehydes and
ethylene azidohydrins the effect of electron releasing groups as
ring substituents in the aldehyde accounts for certaln low yields
but the effect of electron attracting substituents appears to b
negligible. Similar results are observed in the formation of -
dihydroGxazines from aryl aldehydes and trimethylene azidohydrin.3:8

The earlier observations that methyl azide did not react with
benzoic acid? or acetophenone10 were in agreement with the argumentlo
for intermediate dehydration in the Schmidt reaction. With an alkyl
group at nigrogen this is inhibited.
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O—CHR!
RCeH, CHO /
RCgH4CHO + HOCHpCHNy or Celie , RCgH4C CHg + RCeHqCONHCHpCHOH
) HeS04 \N/ R!
R R! Oxazoline (%) R R! Oxazoline (%)
H H 77 (plus amide)|4-NOg H 70
2-0H H 15 3.NOg H 73 (or amide 63%)
4-0H H 25 H CHa 80
4-c1 H 75 3-NOz  CHa 56
4-(CHs)2N H 10 4-NOz CHs 53
Boyer, Hamer 1956
Figure 8
0~ cgfm.
RCQH(CHO + HOCHgCHgCHgNs — 2S04 nc.n.!:_§§ Lﬂ.

R_ oxazine (%)
H T2

3~NOg 82

4-NOg 70

Boyer, Hamer 1955

Figure 9

Nevertheless we have found that a reaction does occur between
certain aromatic ketones and alkyl azides in concentrated sulfuric
acid.l3 Aromatic ketones of the type CgHcCOCH,R in an inert sol-
vent containing concentrated sulfuric acid are transformed by cer-
tain alkyl azides into benzaldehyde and an aldehyde corresponding

to the alkyl group (RCHp).

are obtained from acetophenone.

ponding primary amines in 50-65% yields.

The best yields (70-85%) of benzaldehyde

Alkyl azides are reduced to corres-
A probable explenation
requires (1) a Lewis acid-base reaction between the ketone conjugate
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2, ol
CeHsCOCHeR ——3 CgHsCCHeR (I)
+
c'm
-Hg0 CeH CHzR
1 2o, cemscomer  TEE2s U N\
| il -N CeHsCONHCHgR
HNNg+ N, '—")Ho:{ ove e
Ne -+ +
CeHsNHCOCHgR
, CHsNs
CeHsCOCHs —-) CeHsNHCOCHs ( 2%)
Smith 1948,
CelisCOsH  CH3Ns v No product 1dentified
HeS04
Briggs, DeAth and Ellis 1942.
Figure 10
OH OH
R'N
CeHsCCHeR —— c.n,’:cn.n (11)
+
R'NNg
- + 2
11 He, CollaC=CHR ¢, CaHaGCHR ==
=N
* RNt R'N
III
?n
c.ﬂ,fcn(on)n —) CeHsCHO + RCHO + R'NHs
R'NH

+
III ¢~ CeMsCT——OHR &3 CelisGT—CHR — c.Hsc{t;lclm PR

N N+
R!? R! R!
C.HQCH"CR -—-\ CeHg V
\N / +
R? R'/'\\H

Boyer, Morgan 1959

Figure 11
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acid and an alkyl azide, (2) dehydration and elimination of nitrogen
and (3) recombination with water followed by proton elimination and
breakdown of a proposed intermediate adduct of an a-ketoalcohol and
a primary amine. The last step (3) apparently occurs only after di-
lution with water and is supported by the acld-catalyzed breakdown
of phenacyl alcohol into benzaldehyde and formaldehyde.

Cellg

CellsCOCHgR + R'Ns _iisafb CeHgCHO + RCHO + R'NHp
~Ng

R R! Benz;)iehyde 2&2:; de _Am(.bxi
H n-CeHe 70 86 61
H n-Cellys 80 80 65
H Cyclo-CeHi 85 -- 50
H n-CgHyp TO - - 52
CHe" n-CeHe 62 50 --
Celly” n-CeHy 19 -- .-

8Reaction at 90-91° in toluene
DReaction at 135-138° in nitrobenzene

Boyer, Morgan 1959,

Figure 12
OH
He0 !
CeHsCOCHsOH ooy | CelsCOHROR | —3
OH

Ce¢HsCHO + CHeO
69% 308

Boyer, Morgan 1959.
Figure 13
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Attempts to find another effective acid catalyst for the reac-
tion between acetophenone and n- dodecyl azide have been unsuccessful. !

EFFECT OF ACIDS ON EQUIMOLAR COMBINATIONS
OF ACETOPHENONE AND n-DODECYL AZIDE

Acid Recovered Lauralde- Reaction

Ketone (%) hyde( %) Conditions
BFs*Etg0 80 61 CeHs, T75°
BFs EBt20 30 5T* CHsCeHs; 110°
BFs*CsHs0H 90 55 CeHg,75° or CyHs, 110°
AlCls 90 50 CeHs,75° or CrHg, 110°
&- CeHeSOsH 90 65 CeHe,75° or CyHe, 110°
'c1 (anhydrous) 0 60 CeHe,75° or CvHe, 110°
PsCCO2H 5 8 CeHg, TO-75°
FsCCO2H 83 67 FsCCOgH, TO-72°
C13CCOgH 95 5 ClsCCOgH, 60-T70°
Ha?04 (85%) 95 5 CaHg, T5° or CrHy,110°

#CgHgCHO, T%3 CH20, 7%; CaisHasNHa, 7%.
Boyer, Porter Unpublished results.

Figure 1k4

It has also been unsuccessful to extend the reaction to ali-
phatic ketones, to 1so utyrophenone,l3 to naphthyl ketones and to
p- methylacetophenone.! The last example i1s of unusual interest
because p- methylbenzaldehyde does enter into an acid catalyzed
reaction with an alkyl azide (Fig. 7).

RFFECT OF ACIDS ON EQUIMOLAR COMBINATIONS OF
A KETONE AND AN ALKYL AZIDE IN BENZENE AT 75°

Ketone Acld Azide Recovered Aldehyde
KXetone (%) (%)

CHsCOC( CHg) s HaS04 n-CeHar 37 n-C7HysCHO (2
CHeCOC(CHs) s BFs+Ete0 N-CeHyv 50 n=C7H1sCHO 2
CHsCOC! H?Ha CHaCeHeS0sH n~CeHiz 30 n-C-Hy sCHO (20
CHsCOC cuaf! S04 N=CaHr7 g n-C7Hy yCHO 30
a~-CHsCOCy oH? HaSO4 n=CgHi7 4 Nh-CyH; sCHO (34
B~-CHsCOCy oH7 HpSO4 n=-CgHy7 79 N-C7Hy sCHO ( 40
p~CHsCOCy oH7 AlCls N=CaH17 75 n=-CrHy sCHO 2
P-CHsCgHyCOCHs, HzSO4 B-CeHaa 91 B-CeMiyCHO {4
B-CH.CQHQ,COC&b HaS04 n-CgHis 5 N~CgHy 1 CHO 32
p-CHsCeH(COCHs HeSO04 n-CeHis 50 N=CgHy1CHO 20

b

8Reaction in CrHs at 110°. PReaction in CeHgNOp at 140°

Aoyer, Porter Unpublished Results,

Figure 15
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In at least one example the ketone undergoes self-condensation

in preference to a reaction with an azide. o-Acetobenzoic acid in
concentrated sulfuric acid gives the expec'ﬁed 0,0'-dicarboxyldypnone,

isolated as its anhydride, a bis-lactone.

CHs
> cooneb
CH

COCHg "_*f!_‘; ~
0 4 2 —_—
ﬁ / & cor - COgH HO2C —

CHs
|

<oaréeliee
O F

Boyer, Darre Unpublished results
Figure 16
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THE NATURE OF THE BENT STATE OF THE AZIDE GROUP

by

Eugene Lieber and Jack G. Dodd
Roosevelt University
Chicago, Illinois

Abstract

Professor Lieber has hypothesized a "bent" configuration of the
azido group in order to satisfactorily explain the proclivity with
vhich that group reacts with a variety of reagents to form cyclic
structures. A summary of this theory is given in a Progress Report,
dated September 30, 1957 (ENG-3242) where its application to the
properties of lead (11) azide is speculated upon. Important verifi-
cations for this theory are now available. The existence of a bent
ground state of the azide group in certain organic azides is shown
to be indicated by the splitting of the asymmetric stretching fre-
quency and from the amplitude and distribution of these sidebands,
estimates of the angular deformation of the equilibrium state and of
the height of the potential barrier between the two bent equilibrium
states are made from several azides which exhibit this splitting.
The application of molecular orbitel theory is shown to lead to cor-
rect qualitative predictions of the behavior of the observed split-
ting as a function of electronegativity of attached groups. It is
concluded that, while the ground state of the azide group is linear
in general for either the strictly covalent or strietly ionic cases,
intermediate cases exist in which the linearity may be violated;
and in any case, there will very likely exist bent excited states of
low energy vhich may be responsible for the tendency of azides to
cyeclize.

INTRODUCTION

In a discussion (superscripts refer to section on references)
on the nature of the reactive intermediate state of the azide group,
Lieberl pointed out the necessity of postulating a "bent" state for
that group in order to account for its proclivity to enter into re-
action to form five-membered cyclic structures. The following re-
actions?,3,%,5 proceed with remarkable ease at relatively low tem-
peratures and with high yields:

Hc-===fn
N

HN4
HC=CE ——=—> =N (1)

Ny
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¢
HN3 J:—_-—-N
fox  —> | (2)
HN\N/‘
S ——C=5
CSo S— NQN/N
- N
C] N3@ g ? ll‘ (%)

A large number of additional examples can be cited and the reader
is referred to the discussions by Lieberl,® on this subject. Re-
action (4) is worthy of attention in this respect. The reaction
takes place smoothly at -4O° C and the existence of the pentazole
ring has been unequivocally demonstrated. The necessity for the
"bent" state of the azide group is readily epitomized for the en-
tire field by asking the question for this specific case; viz,
"how is the pentazole ring produced?"” The initial condensation (at
-40° ¢) 1s pictured in Chart I. Assuming a rigid azide ion, the
valency direction requirements of the nitrogen atoms produce the
two stereo structures (A) and (B) (Chart I). Structures (A) and (B)
are interconvertible by rotation about the axis of the bond between
nitrogen atoms 2 and 3. In either case, the basic question to be
asked is "how do the starred (N*) nitrogen atoms in structure (A)
or (B) in Chart I form a bond to produce the very compact pentazole
ring as shown in reaction (4) above. Lieber6 has offered two ex-
planations to account for this. First, it 1s obvious that structure
(B) (Chart I) is more favorably arranged in space than form (A).
Starting then with structure (B) in Chart II, neutralization of the
positive charge on nitrogen atom 4 and subsequent "bending" about
atoms 3, 4 and 5 to form the (normal) angle of about 108° brings
atoms 1 and 5 within bond forming distance (shown by the dotted
line). Subsequent rearrangement of charges produces the pentazole
structure (D). The second theory suggests that nature really tends
to follow the "simplest path." Thus, the pentazole ring can be
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=Na= N: K
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Chart I: Initial condensation in formation of pentazole ring
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(c)
N-N Ne=N
—_— ¢-?{ I — g-x] |
(E{)—N NN=N

(D)

Chart II: Formation of the pentazole ring
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considered to be produced simply by & neutralization of charges as
follows:

N

@--lz@

oo

g2

In order to produce the "bent" form of the azide group from the 1
usually a.ccepted1 rigid linear structure of the azide ion, Lieber
assumed that the activation process produced the following reaction:

:ﬁf;;N: —=nerey :ﬁ—§=N:
CXG] @ ®

the separation of the charges accounting for the absorbed energy.
The "high energy" form then bends to form the shape:

@ ®

N N
Ny

necessary for the formation of c¢yclic structures. Dodd' has calcu-
lated that about 4.47 ev would be required for this process which
would_correspond to the usually observed absorption peak at about
2760 R in sodium azide~. These calculations were based upon the
classical concept of a rigid linear azide structure for the ground
state of that group.

In 1959, Lieber? discovered that the asymmetric N3 stretching

frequency of organic acid azides of the structure appeared as a
doublet.

A

\N3

R-C

This is shown in Figures Number 1 and 2 for benzoyl azide (A) ana
para-nitrobenzoyl azide (B), respectively.
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Figure 1. The asymmetric and symmetric N, stretching vibration ab-
sorption frequencies for benzazide showing a doublet in each case.
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Figure 2. The N, infrared absorptions for para-nitrobenzazide show-
ing shoulder in symmetric vibration and trace of p-nitrophenyliso-
cyanate as an impurity.
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‘A) Benzoyl Azide ‘B) Para-Nitrobenzoyl Azide

The isocyanate group, -N=C=0 shows absorptions at about 2250 cm‘l,
however, it was demonstrated that the lower intensity side bands
(2179 em-1 in Figure No. 1 and 2193 em-L in Figure No. 2) are not
due to the presence of isocyanate which could occur due to the
reaction:

R-C(0)N3 ——» R-N=C=0 + Np

Actually, the spectrum between 2500 to 2000 cm-1 serves as a power-
ful method for establishing the purity of acid azides and the pres-
ence or absence of isocyanates. In subsequent paperslo’ll, Lieber

investigated the structural factors affecting the infrared spectra

of aclid azides and the effects of oxygen, sulfur and nitrogen alpha
to azido groups.

Recently, Fahrl? and Yatesl3 have investigated the infrared ab-
sorption spectra of aliphatic diazo compounds. The aliphatic diazo
group 1s isoelectronic to the azide group and is characterized by a
single intense band which falls around 2080 cm~l. Both Fahrl2 and
Yatesl3 have observed that a single carbonyl group (CO) alpha to the
aliphatic diazo group produces only a single band; however, Fahrl?
has pointed out that in some cases a weak absorption, at slightly
lower wave length, can sometimes be observed. In those cases in
which two carbonyl groups are alpha to the diazo group, two bands
are observed very similar in character to the splitting noted in the
organic acid azides. This is shown in Figure No. 3 taken from the
paper by Fahr 12, Panrl? attributed these effects to an additional
electronic interaction of the diazo-group over the two fold pi (w)
electrons of the adjacent carbonyl groups:

\@ N \@
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A single carbonyl group adjacent to the diazo group markedly reduces
this effect as shown in the spectra for 1,7-bis-diazo-heptandion-2,6
(right hand portion of Figure No. 3). The application of this to
the present problem is discussed below.

2500 2000 1800 1600 cm*! 1400 2000 1800 1600 cm~' 1400
u LB 3 L 1
("W
. A IN N
5.0 I AV ERY
e en iy |
s “© H) \CH, qo_CHN1
* [ o€ ko L] e
20 i CO—CHNI
i N, | V
i | | |
40 50 60 70 u 40 s0 60 70 p
Abbildung 1 Abbildung 2
Diazodimethyldihydroresorcin in KBr 1.7-Bis-diazo-heptandion-(2.6) in KBr

Figure 3. Infrared absorption spectra of diazodimethyldihydroresorcin
and 1,7-bis-diazo-heptandion-2,6. Taken from the paper by FahriZ,

In examining the effects of oxygen, sulfur and nitrogen alpha
to the azide group, in which splitting of the asymmetric stretching
vibration of Ny was observed in several cases, Lieverll suggested a
dipolar field effect, however, initiated by a charge separation in
the azido moiety:

0® G @

0 N~ K=N 0 N-N=N
¢ e/ «—> ¢/ >’
©
? ¥ (excited state)
v ' exc
: SN
¢/ ¢

in which the two peaks represent the asymmetric stretching modes of
the excited and normal states.
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THEORETICAL CONSIDERATIONS

The circumstantial evidence, discussed above, seems very strong
for the existence of a bent excited state of the azide group. The
observations9,10,11 of a splitting of the asymmetric stretching fre-
quency in certain compounds offers an unusual insight into the
hypothesis of the bent state.

The insight arises from the kind of difficulties encountered in
attempts to explain the splitting. Since the asymmetric stretching
frequency of the linear triatomic form is non-degenerate, it is
quite clear that the two peaks observed must arise from two distinct
molecular species, or possibly from & single species in association
with one or the other of two distinct environments. The latter ex-
planation is adequate for the splitting obseﬁved in the azide asym-
metric stretching frequency in barium azidel* and the alkali metal
azidesl® since 1t is quite possible that the two azide groups might
see different environments. However, in the case of organic acid
azides, RC(O)Ny, it is difficult to envision that the two distinct
species, or that two distinct environments, can exist.

Two clues are offered by the studiesds10511 on structural fact-
ors in relatlion to the asymmetric band split. For example, in the
case of the alpha-azido ethers:

0 N
A~
r” Nemg °

the splitting becomes less pronounced the higher the molecular
weight of the group R (e.g., methyl to ethyl). Azidomethylethyl
ether:

N
cas N a3

exhibits only weak shoulders rather than a distinct splitting of the
asymmetric N3 frequency. In the case of the organic acid azide, the
interposition of a saturated group appears to eliminate the split-
ting. This was observed for the structures (C) and (D):

(C) : Cinnamic Acid Azide
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‘\N3

(D) : Dihydrocinnamic Acid Azide

Structure (C) exhibits a strong splitting while structure (D) ex-
hibits only a slight broadening.

On the basis of the above observations, several possibilities
can be eliminated immediately. Since the doublet is observed for
benzoyl azide (structure (A) above), in which the ethylenic bridge,
CH=CH, is absent, the effect 1s not due to cis and trans geometric
isomerism about an ethylenic bord. The additional resonance inter-
action of an azido group attached to a carbonyl group:

C

| ®
-Ca N—NEN

can be ruled out since the isolated -C(0)N; grouping exhibits only
a single band. Further, oxytriazole formation:

°-N§N
—Cc==N”

can also be eliminated since it would mean the disappearance of all
azide absorption frequencies. A proposal that appeared reasonablelO,ll
suggested an interaction similar to that of carbonyl groups alpha to

a diazo grouplz. Electronic interaction takes place between the car-
bonyl azide group (C(O)N3), the alpha-situated conjugated unsatura-
tion, and the pi (w) electrons of the carbonyl group. For cinnamic
acid azide (structure (C) above) this can be diagrammed as follows:

®

P U'-.N3-\

-

l, c\\ L’ ]
\/Qc*
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Such interactions, as depicted above, are absent when the carbonyl
azide group is attached to a saturated system. Bellamwlé has termed
these interactions "dipolar field effects." This effect distorte
the azide bonding distances and, hence, shifts the asymmetric
stretching frequency. If at this point it can be assumed that the
absorption of (infrared) energy during measurement generates the
excited state of the azide group (which may be bent), then two dis-
tinct species would exist, with separate asymmetric stretching fre-
quenclies. This proposition falls only because such a bent state
ought to be generated regardless of structural environment. The
more serious objection to this hypothesis are the energy require-
ments?. The amount of band splitting is small, approximately 25
em-l; since the absorption peaks occur in the neighborhood of 2000
cm~! the equivalent energy of this radiation is about 0.2L7 ev,
whereas the energy required to excite the azide group is greater by
a factor of at least 300. Radiation of sufficient energy would have
a wavelength of about 320 mu (maximum). There is further the ques-
tion as to whether this excitation can occur by means of radiation
by a consideration of spin conservation’.

LINEAR TRIATOMIC MOLECULES PERTURBATION THEORY

Recently, a paper by Thorson and Nakagwa17 has appeared on
"quasi-linear triatomic molecules" which predicts the kind of
phenomena, described above. Thorson and Nakagwal7 develop the ef-
fects which arise from a small but significant deviation from line-
arity of a triatomic system. The discussion which follows is an
application of their principles to the azide system.

It is assumed that, under certein conditions as outlined below,
the azide group may, in the ground state, be bent. Then, instead of
e simple harmonic bending potential, such as in Figure No. 4 (A),
which could apply for a linear system, one would have the potential
shown in part (B) of Figure No. 4. The poteutial barrier at (2 is
equal to zero. This system is bistable in that there are two
configurations of equal energy. For the azide group, this can be
represented by structures (E) and (F):

N
N—N" and N—
N\N

(E) (F)

The system is thus doubly degenerate and the height of the potential
barrier (as shown in Figure No. 4) is simply the energy to "snap"
configuration (E) to configuration (F). The concern here is the
effect that this additional degeneration has upon the asymmetric
stretching frequency of the system.
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Figure 4. Bending Potentials For Deviations From Linearity.

Through the use of perturbation theory, Thorson and Nakagwal7
show that coupling terms appear between the bending and stretching
modes which, in the case of a low potential barrier between the two
equilibrium positions result in a simple and structureless broaden-
ing of the asymmetric line; however, in the case of a potential
barrier approximately equal to the lowest vibrational quantum of the
system, this produces a series of side bands on either side of the
principal line. If the barrier is still higher, e.g., two or three
vibrational quanta, a single side band will appear. It may show up
on either side of the principal frequency and will have a magnitude
depending upon the amplitude of bending necessary to go from one of
the bistable states to the other.

On the basis of the above principle, it now becomes possible to
classify the nature of the ground state of the azide group by an
examination of the asymmetric stretching frequency of the N3 in its
compounds .

From the studies of Lieber?:10:1l on a wide variety of organic
azides, the compounds can be depicted as occupying a kind of
"linearity space." This is illustrated in Figure No. 5 which qual-
itatively locates several compounds according to the barrier heights
and equilibrium angle of their azide groups as deduced from the
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criteria of Thorson and Nakagwal7. Figure No. 5 indicates that most
of the organic azides depart from a strictly linear azide group. It
is evident that the hypothesis of a "bent excited state" of the
azide group can be readily made and, in many cases, it can also be
assumed that even the ground state is bent.

CH3OCHZ N3 |vi
CH3 SCHa N3 | v

»
-
z
=
>
<
g CoHg OCHa Ny | i
[] 23 2N3 | v
«
<« OCstCHst C2Hs SCHa N3 | i
z "
L -]
CH,
NCH,N
CHy 273
i
1 1 1
i 2 3

BARRIER HEIGHT V, (IN VIBRATIONAL QUANTA)

Figure 5. "Linearity Space" location, in qualitative fashion, of
organic azides according to barrier height and equilibrium angle of
azide group: (i) N-azidomethyl dimethylamine; (ii) azidomethyl
benzyl sulfide; (iii) azidomethyl ethyl ether; (iv) azidomethyl
ethyl sulfide; (v) azidomethyl methyl sulfide; (vi) azidomethyl
methyl ether.

APPLICATION OF MOLECULAR ORBITAL THEORY18

It was of some importance and of considerable interest to at-
tempt a qualitative application of molecular orbital theory to the
bound azide group. Although some of the reasoning presented below
is "ad hoc," it is shown that the hypothesis of a bent ground state
for the azide group, as developed through the principle of Thorson
and Nakagwal7, is not at variance with the observed perturbations
produced by introducing various groups into azido-compounds. The
discussion which follows is to be considered as a preliminary one
for the azide group.
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(o) p-ORBITALS

(c) SET OF THREE (b) PLUS ONE ELECTRON

Figure 6. Application of Molecular Orbital Theory to Nitrogen and
Azide Group.

Nitrogen has five electrons in the (bonding) outer ringl®.
Three of these are in the p state, and two in the s state. The p-
bonding directions are mutually perpendicular along three Cartesian
directions (Figure 6 (a)). Nitrogen only rarely (really, only in
No) can be described solely in terms of these electrons; generally,
and specifically in the azide structure, these p-electron bonds are
"hydridized" with the s-electrons to form asymmetric bond patterns.
Figure 6 (b) shows the result of complete "sp" hybridization. The
bond angles remain at 90°. Figure No. 6 (c) shows the result of
combining three sp-hybrids plus one electron. The "in-line" unhy-
bridized p-orbitals form linear bonds (localized ¢ -(sigma) bonds)
and the sp-hybrid orbitals (aimed along the y and z directions)
"couple" over the whole length of the group to form "de-localized
bonds." The significance of such delocalization is that an elec-
tron "belonging" to the z-directed bond of the first atom, e.g.,
cannot tell whether it is the property of that atom, or either of
the others. Thus it may, with equal probability be considered the
property of any (or all) of the atoms. This "delocalization" is the
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molecular orbital counterpart of resonance, and increases molecular
stability (reeonance energy). The configuration represented by
Figure No. 6 (c) is thought to be the ion (N3~) structure.

In order to bond the configuration represented by Figure No.
6 (c) covalently it is necessary to "use" one electron from one of
the delocalized w bonds (if this electron be considered as removed
then the 15-electron nitrogen radical results). To do this we must
break one of the w bonds. This places one of the terminal nitrogens
in a state of "sp2-hybridization": (i.e., instead of forming orbi-
tals by pairing "p" and "s" electrons, they are formed by "p-p-s"
triples). The resultant structure (Figure No. 7 (a)) is different
in two ways; one of the t bonds does not now extend over all three
of the atoms; and the spe-hybridized N atom no longer exhibits 90°
bond angles for all bonds. The unaffected orbitals (there are two
along the Z and X axes) are still mutually perpendicular, hence, the
configuration is still linear; but now the lone electron pair and
the group bonding pair, both in "sp-hybridization" are not mutually

(b) EXCITED "BENT" BONDED N5 GROUP
3

Figure 7. Molecular Orbital Configurations of Covalently Bonded
Azide In Linear and Excited "Bent" Configurations.
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perpendicular. The question is "how can a bent configuration be
achieved?" What states resulting in departure from linearity are
possible?

DeHeerl9 has suggested one method for doing this. The two
right-hand nitrogen (Figure No. 7 (b)) atoms change into "sp°-
hybridization." The upper ™ bond is still retained but the two
bonding angles are chenged. The bonding axis is now "bend" and
because the y-orbitals of the right hand nitrogen pair (Figure No.

7 (b)) are no longer parallel, they cannot form a m, bond &s shown
in Figure No. 7 (a). This loss of "delocalization" should increase
the bond distance between nitrogen atoms 2 and 3 (Figure No. 7 (b))
in the "excited" group over the ground state. The "sp2-hybridization"
suggested in Figure No. 7 (b) should change the bonding angle from
180° (as shown in Figure No. 7 (a)) to that of 120° (Figure No. 7 (b)).

Thus we see that to explain how the azlde group might seem non-
linear in some molecules, it could be assumed that some perturbing
field changes the bonding orbital state within the azide group from
"sp-hybridization" to something between sp and sp® hybridization.
From the molecular orbital analysis it seems that the normal ionic
state of the azide group is linear as is the strictly covalently
bonded group. But what of the intermediate states? It is reason-
able to assume that it is possible that intermediate states between
the completely covalent case and the completely ionic case might
exist in which the group deviates from linearity. If this were,
indeed, the case, then we would expect a correlation between (in
certain types of azido-compounds) the deviation from linearity and
the deviation from pure covalency. This latter deviation from pure
covalency should be a function of the electron affinity of the par-
ent compound, and indeed, a "splitting" (of the asymmetric stretch-
ing mode of N:-type compounds) occurs in just those cases in which
R (the substiguent in Figure No. 7) is an electron donor group.
Interposition of saturated "bridges" insulates the azide group from
the electron pressure. However, this insulation does not appear to
offer complete protection; appreciable broadening of the asymmetric
N3 stretching mode with some evidence of "shoulders" attests to the
fact that the azido-group in the particular molecular constellation
under observation is not linear.

The exact nature of these postulated intermediate states cannot
be qualitatively deduced with any certainty since molecular orbital
theory deals with a highly idealized model of molecular bonds and
vhile this ideal model has proved spectacularly successful in a
wide variety of cases, it is in no sense an exact treatment. Short-
comings of treatment is in exactly that area of greatest interest,
i.e., between pure covalent and pure ionic compounds. Thus, it may
not be entirely possible from molecular orbital calculations alone
to determine, in a given case, whether the linearity or the bend
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form is in the ground state. Conslderably more work has to be done
by this approach.

A recent quantitative study by Roberts?0 of the energy differ-
ence between the linear and the bent state of the azide group sup-
port the above theoretical discussions in detail. Roberts20 reports,
from his calculations based on simplified molecular orbital treat-
ment, that the energy difference between the linear and bent states
of the bonded azide group is very small, indeed, less than the prob-
able error of calculation.

CONCLUSION

From the above discussion it can be concluded that the hypothe-
sis of Lieberl,9,10,1l concerning the bent excited state in cycliza-
tion reactions and Dodd's®l treatment of the splitting of the N3
asymmetric stretching frequency rests on a firm footing. Further,
in all reactions involving azides the consequences of & bent state
for that group must be considered.
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THE PHOTOCHEMICAL DECOMPOSITION OF BARIUM AZIDE

by

P. W, M. Jacobs, F. C. Tompkins
end V. R. Pal Verneker
Department of Chemistry
Imperial College
London, S.W.T.

The kinetics of nitrogen evolution from barium azide irradiated
with ultra-violet light from low and high pressure mercury arcs has
been investigated as a function of intensity, temperature and time
of irradiation. These results emphasize the important role played
in the reaction by the barium product formed as a result of photoly-
sis. Two mechanisms of the photodecomposition which are consistent
with these detailed kinetic results are proposed and discussed in
the light of our present knowledge of the physical properties of
azide crystals. The first of these, which occurs chiefly in fresh
salt, is the formation of barium atoms (pre-nuclei) at kink sites;
the second is the thermal production of positive holes by the trans-
fer of electrons to barium pre-nuclei which have become ionised by
photomigsion of an electron into the conduction band. The signifi-
cance of a purely thermal contribution to the photolytic rate is
also assessed.

There have been several previous investigations of the_effects
of radiation on barium azide. Irradiation with soft X-raysl pro-
duces barium nitride and nitrogen. Pre-irradiation of barium azide
with a-particle32 or ultra-violet light3 accelerates the rate of
subseguent thermal decomposition. Irradiation with ultra-violet
light™ evolves nitrogen at a rate proportional to the square of the
intensity and with a temperature-dependence corresponding to an en-
ergy of activation of 5 kcal/mole. Mott> proposed that the mechan-
ism of photolysis involved four steps:

(1) irradiation with ultra-violet light produces electrons and
positive holes (N3 radicals);

(11) +the mobile positive holes diffuse to the surface and combine
bimolecularly to produce gaseous nitrogen;

(1i1) the electrons migrate through the conduction band of the
azide until trapped by specks of barium metal;

(iv) interstitial barium ions diffuse to the negatively charged
specks and combine with them.
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However, the failure to detect photoconductivity6 seemed to
imply either that tﬁe primary effect of the radiation was the pro-
duction of excitons rather than that of holes and electrons, or
that the latter were not mobile. It must be emphasized that, owing
to the difficulty of producing crystals of suitable size, the photo-
conductivity experiments were performed using compressed pellets.
Nevertheless, a detailed kinetic analysis™ established that exciton
production was more likely for the primary process.

Furthermore, the low ionic conductivity of barium azide makes
unlikely a mechanism of reaction based on ionic transport.

Recent investigations7 have shown that the mechanism of photo-
lysis must be more cgmplicated than the bimolecular decomposition
of excitons at traps™. In particular, the rate of photolysis under
irradiation with a high pressure lamp at first decreased and then
increased again, finally attaining a constant value. The intensity-
dependence appeared to be complicated, the exponent n in the equa-
tion R = CIR, varying from 0.5 to 2. This work, though valuable in
pointing to the role of the metallic product in photochemical as
well as thermal decompositions, was unsatisfactory in that the tem-
perature dependence was not examined and also because insufficient
account was taken of the effects of the 'dark rate' in determining
the value of n. Consequently, the kinetics of nitrogen evolution
under ultra-violet irradiation has been re-examined in some detail
and the results of this investigation are recorded below.

EXPERIMENTAL

Barium azide was prepared by neutralization of an approximately
5% solution of hydrazoic acid with barium hydroxide of A.R. quality.
The solution was maintained neutral to phenolphthalein during evap-
oration on a water bath to incipient crystallization and the azide
was then precipitated by addition of absolute alcohol. The fine
white precipitate was filtered off, re-dissolved in the minimum
amount of distilled water made slightly acidic with hydrazoic acid
and the barium azide obtained either by addition of absolute alcohol
or by slow evaporation of the acidic solution. The former method
yields a white amorphous powder, the latter a mass of tiny crystals.
The azide was dehydrated over phosphorous pentoxide in a desiccator.
The hydrazoic acid was obtained by two methods: (i) by dropping
sulphuric acid onto a solution of sodium azide and sodium hydroxide
and distilling off the hydrazoic acid into water and (ii) by passing
a 10% solution of sodium azide through a cation exchanger in the
hydrogen form. No differences were observed in the behaviour of
products obtained by these slight variations in technique.
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The azide was contained in a transparent silica cell with a
flat window, connected via a B.lk standard joint to the vacuum line.
This consisted, in sequence, of a trap immersed in liquid nitrogen,

& standard volume, a pirani gauge (P1) a cut off (C;), a diffusion
pump (Dy), a second trap, & second pirani gauge (Pp), a McLeod gauge,
and a second cut off (C2) which separated the line from the second
diffusion pump (Do) and the backing pump. The object of this ar-
rangement was so that the rate of nitrogen evolution could be meas-
ured either on P with Cj raised (the accumulatory method) or on Pp
with C; lowered and C> raised. In the accumulatory method the azide
is in continual contact with the nitrogen evolved which may reach a
pressure of several microns. In the second method (referred to as
'pumping') the diffusion pump D] maintains a pressure of <10-5 mm Hg
over the salt during photolysis. The volumes of the two measuring
systems were determined by calibration with nitrogen and it was also
confirmed that the effective volume of the second system was inde-
pendent of the pressure in it (which of course backs the first dif-
fusion pump Dj) up to the limit tested (20).

The temperature of the salt was measured with a calibrated
copper-constantin thermocouple. The intensity of irradiation of the
low pressure arc was varied by controlling the voltage to the pri-
mary of the lamp transformer; because the intensity distribution of
the high pressure arc varies with temperature, its intensity was
varied by varying the distance of the lamp from the photolysis cell.
Both lamps were calibrated by replacing the cell by a Kipp thermo-
pile; intensities are recorded in terms of the e.m.f. registered by
the thermopile as the intensity distribution for the high pressure
arc is not accurately known and the number of quanta received by the
azide cannot therefore be calculated. The emission spectra of the
two arcs have been reproduced in another paper7. A water filter was
always used 1n conjunction with the high pressure arc to remove
infra-red components.

RESULTS

The rate of nitrogen evolution from barium azide irradiated
with the low pressure arc is shown in Fig. 1 as a function of time.
For fresh salt (a,b,c) the rate at first decreases with time (for
about 100 min at the higher intensity) then remains more or less
constant, then increases again and finally, after about 5 hr, at-
tains a constant rate which is maintained over very long irradia-
tions. If the shutter between the lamp and cell is replaced, the
rate of evolution of gas decreases steadily until it becomes equal
to the original outgassing rate of the system. The rate of gas
evolution after the shutter is replaced, we term the 'dark rate’.
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Figure 1. _Rate of photolysis of barium azide, expressed in mole-
cules x 1015/min, as a function of time. (a) O, fresh salt, pumped;
(b) Q, fresh salt, accumulatory; (c) ®, fresh salt, pumped, at half
the intensity used for (a); (d) X, annealed azide, pumped, at same
intensity as (a); (e) +, annealed azide, pumped, at same intensity
as (c). Time scales for (d) and (e) have been adjusted to match the
acceleratory periods of (a) and (c), respectively.

It is epparent from Fig. 1 that there is no difference in the
behaviour of the salt whether the accumulatory technique is used or
whether it is pumped during irradiation (cf. & and b). The somewhat
higher initial rate for b is probably not significant for it could
be due to other causes such as a difference in particle size or the
distribution of material in the cell. When salt which has been ir-
radiated for at least 5 h., is left overnight connected to the pumps
and then re-irradiated, the rate is at first slightly lower than the
minimum found for that intensity using fresh salt (curve d) but it
rapidly increases until it coincides with the value at the beginning
of the acceleratory region, after which it follows precisely the be-
haviour of the fresh salt. The changes which take place during the
intervals between successive irradiations, we refer to as ‘'annealing’.
The same type of behaviour is observed when irradiation of lower in-
“ensity (curves d, e) is used, the initial fall in rate to the
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minimum taking longer, the minimum being much flatter and the accel-
eration to a final constant rate being longer delayed and smaller in
magnitude. The previous experimental results™ with low pressure
arcs were obtalned using short irradiation times over which the var-
iations found here during much longer irradiations would not normal-
ly be observed, although Thomas and Tom.pk:lns’+ did note a decreasing
rate on & long irradiation of fresh salt.

Salt irradiated with the high pressure arc behaves in precisely
the same way as depicted in Fig. 1 and again there is no dependence
on the pressure of nitrogen in the reaction vessel. The dependence
of the final constant rate on intensity is shown by the data plotted
in Fig. 2 to be Reoe 12 , & result that is independent of whether the
reaction cell is pumped during photolysis or whether the accumulatory

C

Rate, molecules x 103 /ain,

o Q02 0.04 0.06
I, aV

Figure 2. Dependence of the rate of photolysls on intensity of the
low pressure arc (given in terms of the thermopile e.m.f.).
(a) during the acceleratory period, after 60 min irradiation,

(b) in constant rate period, pumping, (c) in constant rate period,
accumulatory.
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method is used. The dark rate 1s practically zero for fresh salt
and increases steadily with the amount of decomposition, reaching a
maximum in the constant rate period. The dark rate also dependg on
the intensity during irradiation, the relationship being Ry ce I<.
This dependence of both the light and dark rates on the square of
the intensity holds not only during the final constant rate period
but also during the acceleratory period.

The temperature coefficient of the photolytic reaction was
measured at various stages of the reaction and the corresponding
activation energies calculated. These results are shown in Table I.

Table I.

Activation energy (in kcal/mole) for the photochemical
decomposition of barium azide at various stages of the

reaction
constant
initial at the rate '‘dark
source process minimum period reaction

low pressure arc L.h 9.3 20.1 19.8
high pressure arc .7 11.5 19.4 20.2
high pressure arc - - 19.3 -
+ OX7 filter
high pressure arc 5.1 19.7 37.4 -

+ 0Y10 filter

§Pe radiation from the low pressure arc is predominantly the
2537 A resonance line. That from the high pressure arc is more or
less continuous, with the principle mercury lines superimposed. On
interposing the filter, Chance 0Y1l0O, radiation shorter than wave-
length of 3500 ] is totally excluded (50% transmission at 3690 §).
If the filter, Chance 0X7, is used, radiation between 2400 and

4200 R is passed, with >50% transmission between 2550 A and 3890 X.
For brevity, we shall refer to the two wavelength regions as 'short'
and 'long'.

There are three main differences in the photolytic behaviour of
short and long wavelengths. The high pressure lamp filtered by OXT7
behaves like the low pressure lamp: +the rate of photolysis goes
through the same variations with time, it varies with the second
pover of the intensity of the radiation (Fig. 3) and the activation
energy (Table I) shows the same variations. In contrast, with long
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wavelengths, the rate of photolysis of salt (pre-irradiated with the
full arc into the constant rate period), varies as the first power
of I (Fig. 3) and the activation energy is 37 kcal/mole. The de-
pendence of photolysis rate on time for fresh salt is also quite
different. SErprisingly, fresh salt does photolyse at a reasoneble
rate (2 x 101% molecules/min) but the rate decreases steadily to
l/Sth of the initial value over a period of about 13 h, after which
is remains constant (Fig. 4) at a rate equal to about 1/20th of the
constant rate obtalned with the unfiltered arc.

Rate, molecules x 1(** /ain.

i
: OS
;
i
i
o
o | 2

I, av

Figure 3. Dependence of the rate of photolysis on intensity of the
high pressure arc (a) filtered through OX7, (b) filtered through OY10.
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Figure 4. Dependence of the rate of photolysis of fresh barium
azide on time when irradiated with the high pressure arc filtered
through 0Y1O0.

It seems clear that the acceleratory period is due to the pres-
ence of barium formed during the photolysis. This was confirmed by
two experiments. First irradisted salt was exposed to the atmos-
phere for several days. The brown salt gradually went white with
this treatment and, on subsequent irradiation, showed the decelera-
tory period associated with fresh salt (Fig. 5). The initial rate
was lower than for fresh salt and the minimum rate more rapidly at-
tained as though the barium had been partly but not completely oxi-
dised by this treatment. The effect of intensity on the rate versus
time curve is again clearly shown in Fig. 5.

In the second experiment fresh salt was decomposed thermally
to various stages and the photolytic rate determined at each stage.
The fractional decomposition @ could be calculated from the amount
of gas evolved and in Fig. 6, the photolytic rate is plotted against
a. Also shown is the photolytic rate versus a for a run in which
the salt was decomposed entirely photochemically.
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Figure 5. Effect of exposing annealed salt to the atmosphere.

(a) 0, fresh salt; (b) @, fresh salt, at half the intensity used
for (a); (e) Q, salt used for (a) after exposure to the atmosphere,
same intensity as (b). (Compare Fig. 1.)

Figure 7 shows the rate, time curves for barium azide which has
been irradiated until the constant rate is reached and then annesled.
Curve 1 shows the normal behaviour on irradiation after a 12 h anneal.
The constant rate is attained after 4 h. Curve 2 shows the photo-
lytic rate after thermal decomposition (to the extent required to
give the same constant rate) followed by a 5 min anneal. Curve 3
shows the behaviour in a similar experiment but after a 12 h anneal
while for curve 4 (identical with 1) the annealing time was 24 h.
Thus, again, in the acceleratory period, the photolytic rate depends
only on the extent of the previous decomposition and not on whether
it is performed thermally or photochemically, except that the anneal-
ing process is somewhat slower after thermal decomposition than after
photochemical decomposition (cf. curves 3 and 1).
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Figure 6. Rate of decomposition of fresh salt as a function of the
fractional decomposition «. O, photolytic rate, after thermal de-
composition; @, photolytic rate after photochemical decomposition.

In an attempt to elucidate whether or not more than one mech-
anism for the production of nitrogen exists, a fresh sample of BaNg
was irradiated for % h at -70° C at which temperature the rate of
nitrogen evolution is zero. The dewar was then lowered and the
salt allowed to warm up without further irradiation and the temper-
ature of the salt and gas pressure noted at suitable time intervals.
The rate of gas evolution is plotted in Fig. 8 as a function of salt
temperature. This experiment must be regarded as only a gqualitative
one, but in spite of this, certain conclusions can be drawn. Two
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Figure 7. Rate of photochemical decomposition of barium azide
after thermal decomposition and annealing. For detalls, see text.

peaks, centred at about -35° and -5° are observed. (In the first
run, the heating was carried out too rapidly so that the first peak
is merged with the second one.) The peak heights decrease in suc-
cessive runs, in agreement with the usual behaviour in photolysis at
higher temperatures, but possible variations in the rates of the
peak heights could not be established.

Significant colour changes were noticed during these experi-
ments. When fresh salt is irradiated at -70° C there is no colour
change but on warming to -35° C the salt shows a violet coloration,
which disappears at -5°, when the salt turns white again. This
cycle of changes was repeated with the second irradiation, but on
the third cycle, the salt appeared greenish after warming to -5° C
and thereafter turned gradually brown, the usual colour observed on
prolonged photolysis. Nevertheless the appearance of a violet
colour at -35° when the first gas evolution takes place was still
observable. These observations imply the formation of some unstable
intermediate (with the evolution of Na) from the primary result of
the irradiation, at -35° C, and the decomposition of this inter-
mediate at -5° C with further nitrogen evolution.
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Figure 8. Rate of gas evolution as a function of temperature from
barium azide irradiated at -70° C. 1, 2, 3, L4 indicate successive
irradiations of 4 h each. The time of irradiation for curve 5 was
3 h.

DISCUSSION
The experimental results reported in this paper indicated that

there must be at least two photolytic mechanisms for the production
of nitrogen when barium azide is irradiated with ultra-violet light.
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By considering the results for the dependence of the rate of photo-
lysis on time (Fig. 1) temperature (Table I) and source (Fig. !+ and
Table I) we may conclude that fresh salt is decomposed by ultra-
violet light of wavelength in the region of 2537 A at a rate which
(1) decreases steadily with increasing amount of decomposition,
(11) varies as the square of the intensity of the radiation and
(11i) is associated with an activation energy of about 5 kecal/mole.
These results, while more detailed, are in substantial agreement
with the earlier investigation by Thomas and Tompkins™. In contrast
the rate,of photolysis of fresh salt with light of long wavelength
(> 3500 A) is about 5 times smaller, and an acceleratory period was
not observed. We are, however, not inclined to regard this result
as indicating a new mode of photolysis but believe rather that it
simply reflects reduced probability of reaction for light of long
wavelength as compared with ultra-violet light. The whole scale of
events)is therefore altered (cf. the effect of intensity shown in
Fig. 1).

When irrediation of fresh salt with the low or high pressure
arc, or with the latter using an OXT filter, is prolonged beyond
about 300 min, an increase in the rate of photolysis is observed.
This definitely indicates the onset of a new mechanism for although
the rates are throughout proportional to 12, the activation energy
increases from 9-10 at the minimum to 20 kcal/mole during the con-
stent rate period. We interpret these results as indicating that
the second mechanism, characterised by a thermal activation energy
of around 20 kcal/mole can only set in once substantial photolysis
has occurred and that the apparent activation energy of 9-10 kcal
is due to both processes occurring concurrently.

We accordingly propose the following model for the decomposi-
tion Qf barium azide. Light of short wavelength, i.e. around
2537 A, is absorbed within the tail of the first absorption band.
Previously7, this had been tentatively identified with an exciton
transition: however, the remarkable constancy of the positéon of
this band in sodium, potassium, rubidium and caesium azides »9,10
and the recent identification of exciton bands at much shorter wave-
lengthsll makes it likely that the band in the 2400-2600 ! region of
the alkall azides corresponds to an internal transitionll on the
azide ion. This excitation then will be the primary photochemical
process on irradiation and it seems reasonable to presume that this
statement is also true of barium azide, the absorption edge of which
has been placed by reflectance measurements® at around 2600 2.

The decreasing rate of photolysis of fresh salt with time
(Fig. 1) indicates that the reaction proceeds at centres which are
gradually consumed. These centres seem likely to be either impurity
ions or crystal imperfections, namely anion vacancies or Jogs in
dislocations. Each of these three species possesses the necessary
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property of being able to function as an electron acceptor. In per-
fect, pure crystal, the excited azide ion N3'* has no option but to
decay to the normal ground state, N3', after the appropriate life-
time, but adjacent to an electron acceptor it may become stabilized
by partial or total charge transfer of the excited electron to the
'trap', T. Formally, then

h
perfect crystal: N3~ — N3'* (1)
special sites: N3-T by N3'*T — E‘I3 'I] (2)
- D ——

Repetition of (2) within the (relatively long) lifetime of [N3T Iy
glves two adjacent excited azide ions,

N, [N3 T] - —‘_% N3'* I:N3 T:l - :[N3TN3] - (3)

which can either revert to the ground state with the emission of
phonons or undergo chemical decomposition:

(N3P N3] +Ba** 5 3N, + T Ba (1)

The latter process involves the transfer of the two excited elec-
trons to an adjacent Batt ion and the evolution of nitrogen. As

the reaction proceeds, the crystal clearly assumes different proper-
ties in the locality of T, and the rate of reaction thus decreases
due to the falling number of sites which can function as traps. The
possibility that T is an anion vacancy ought not to be excluded be-
cause the production of anion vacancies by (4) would not regenerate
the trap, since it would leave an aggregate of three vacancies in
place of the original single one. It is noteworthy that the final
steady rate of this process is not zero (Fig. 1); possibly more
than one type of trap is involved. On balance, we favour the hypo-
thesis that the traps are kink sites in dislocations, as is evi-
dently true in silver bromidell. Since the reaction involves two
activated species, the rate will depend on the second power of the
intensity, as observed. The low activation energy of 5 kecal is as-
sociated with (4) since neither (2) nor (3) should require thermal
energy. The much lower rates observed with long wavelengths are

due to the very low efficiency of the excitation of the internal
transition.

The result of this first reaction is the production of barium
atoms at kink sites or other special positions in the lattice.
Since the first ionization potential of barium is 5 eV, these atoms
can, under irradiation, emit electrons into the conduction band of
the crystal. This does not give a normal lattice barium ion but a
Bat ion which is not part of the lattice. An electron is then
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transferred thermally from an adjacent azide ilon giving a positive
hole. Simultaneously irradiation is producing excited azide ions
and these react with each other (as in the first process) and with
the positive holes. There will also be some bimolecular decomposi-
tion of holes but this is likely to be less probable than the re-
action of holes and excited ions. The second process is then:

h
Ba — Ba' 4+ e- (5)
—
Bat + Ng* £ Ba+ N3 (6)
_  hy %
N3 N3 (1)
% -
Ny +N3 — 3N, +e (7)
2N3 — 3N, (8)
Ba + Ba°' + 2¢~ — Bas (9)
With Rz > Rg. This mechanism explains the increasing rate, since

sites are produced by the first process and regenerated by the sec-
ond one (Eg. 9). The activation energy for (6) should be about 1 eV
since this is the dominant thermal process in the constant rate
period. The apparent activation energies of 0.45 at the minimum and
0.9 eV in the constant rate period are 'averages' of the two simul-
taneous photochemical processes, the second are becoming more im-
portant over the acceleratory period. This second process will
continue in a self-propagatory manner as long as the barium produced
can be regarded as 'atomic', i.e. single atoms or small groups of
atoms. At some state which we are not in a position to specify pre-
cisely, these pre-nuclei will become large enough to recrystallize
and form metal specks. When they do so, their energy levels become
those characteristic of bulk metal and can no longer participate in
this reaction. An approximate energy level diagram is given in

Fig. 9.

On closer inspection, it appears that the second process, sum-
marised in equations (5)-(9), can proceed by a purely thermal mech-
anism. A barium atom traps an adjacent barium ion (ecf. 12)

Ba + Ba®t — (Bap)?t (10)

Electrons are then transferred from azide ions to the positively
charged barium and the positive holes react together. This cycle of
events can continue until the pre-nuclei all grow into large specks
of barium. This mechanism is consistent with the known facts about
the dark rate. With fresh salt the dark rate is zero, but it stead-
ily increases up to a maximum in the constant rate period. The pre-
nuclei are destroyed by this reaction so consequently the initial
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Figure 9. Approximate energy level diagram for barium azide. All
energy values are in eV; with the exception of I and ¢ these have
been roughly estimated by analogy with other azides.

photo-rate is low (below the minimum) on recommencing irradiation.
The annealing process is thus the growth of barium atoms and pre-
nuclei into metal specks by thermal decomposition of the azide.

With light of long wavelength ( >3500 R) the first process
(vimolecular decomposition of excited azide ions) occurs but with
low efficiency. Once some decomposition has occurred, i.e. on the
flat region of Fig. 4, the activation energy is 20 kcal/mole because
the second process

=
N3 + N3 —3 3N, +e” (7)

is dominant. However, if the salt is first decomposed into the con-~
stant rate period, so that more barium pre-nuclei are available, then
positive holes are produced at a faster rate than excited ions be-
cause the photo ionization of Ba is more efficient than excitation
of the internal transition, with light of long wavelength. The rate
of supply of N -* then becomes the limiting factor and the activation
becomes that for the thermal value of this excitation. This can be
estimated as roughly the optical value divided by the dielectric con-
stant ratio i.e. 4.8/3 or 1.6 eV. This is in accord with the exper-
imental value. Moreover, the rate depends on the first power of the
intensity, as it should since only the concentration of holes is
proportional to the intensity.
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Finally, the results of the 'warm-up' experiments shown in
Fig. 8 allow us to be a little more specific about the nitrogen

evolution reaction. This apparently goes in two steps: a possible
sequence is

I:N3T N3] T Ny T+ Ny +e”
at -35° C, followed by-

Ny” T?N3T + N

N + N—/"N,

at -5° C. The species N~ has been identified in irradiated KN3
by electron spin resonancel3.

We are indebted to the Corps of Engineers, U. S. Army for
financial support under contract DA-44-009.ENG.L4187.
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ON THE APPLICABILITY OF HAHN'S EMANATION METHOD
FOR DECOMPOSITION STUDIES OF INORGANIC AZIDES

by

J. A, Joebstl and H. J. Mueller
Basic Research Group
U. S. Army Engineer Research and Development Laboratories
Fort Belvoir, Virginia

Introduction:

The emanation method was introduced by Otto Hahn(l’a) 30 years
ago as a technique for the examination of transformations and re-
actions in the solid state. In the thirties the theoretical intef-
pretation ?E thg emanation process in solids was given by Fluegge 3)
and Zimens\4s> ) which laid the basis for a quantitative evaluation
of emanating power data.

The basic principle of the emanation method is the following:
A radiocactive parent which will produce an isotope of radon by its
radiocactive decay is incorporated homogeneously into the solid to be
investigated. Thus the radiocactive parent acts as a constant source
of emanation in the interior of the latter. Because of its short
half-1life, orly a part of the emanation produced can escape from the
solid by diffusion or recoil. The ratio between the rate at which
emanation escapes from the solid and the rate at which it is being
produced by the radioactive decay is called the emanating power E of
the sample. The emanating power consists of two components: the
recoil component ER and the diffusion component Ep (Fig. 1). The
emanation atom ejected during the a-decay of the parent is able to
penetrate some hundreds of % of the solid due to its recoil impulse.
If the surface lies within the recoil range R of the parent, the
emanation will escape from the surface and can be carried along by
a carrier gas to an o-detector. This case 1s demonstrated by A in
Fig. 1. The emanating power due to recoil is relatively small, in-
dependent of temperature and proportional to the surface of the
sample. For the majority of the emanation atoms, however, the re-
coll track terminates in the interior of the solid. Nevertheless,
the emanation atoms can still escape by diffusion and, thus, con-
tribute to the total emanation power. This is demonstrated by B in
Fig. 1. The emanating power due to diffusion is strongly dependent
on the temperature, i.e., it increases with increasing temperature.
For large grains (with dimensions of 10-* cm and above) the compon -
ents of the emanating power are given by the following equations:

Bp = pi2 (1)
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A--- Emanating power due torecal ( En)
B::© Emanating power due to diffusion (E,)
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Figure 1. Scheme of the emanating power of a solid.
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R 1s the recoil range, p the density of the solid, s and m are sur-
face and mass, respectively, A 1s the decay constant and D the dif-
fusion coefficient. The total emasnating power of a large grain is

obtained by addition of these two equations:

E=ER+ED=<%+ /?>%S- (3)

From this equation both the specific surface % and the diffusion
coefficient D may be calculated, provided the total emanating power
can be resolved into the recoil and diffusion components.

Measurement of the emanating power E:

As defined, the emanating power is the ratio between the rate
of escape of the emanation and the rate of its formation. If the
rate of escape of short-lived emesnations (e.g. thoron or actinon) is
to be measured, the flow method is usually employed. In this method
an inert carrier gas is used to sweep the emanation from the sample
into an ionization chamber or another a-detector. There an activity
is measured which is due to a-particles emitted by the emanation and
its immediate daughters, decaying in the measuring chamber. This
activity is proportional to the rate of escape of the emanation from
the preparation. The apparatus used for the flow measurements is
shown in Figs. 2 and 3. The flow rate and dryness of the inert car-
rier gas is controlled in the first section (Fig. 2) of the appara-
tus, which is similar to that used by Gregory(7§. The gas comes
from a cylinder A, which is equipped with a standard reducing valve,
and passes through a small needle valve B at low pressure. A by-
pass in the cylinder C under a constant pressure head of water (h)
regulates the pressure in the apparatus. A volume (flask D) and a
capillary resistance (E) are introduced in the circuit to compensate
the slight oscillations of the pressure, resulting from the bubbling
in the by-pass. The rate of flow is controlled by means of a needle
valve at the other end of the flow apparatus (I in Fig. 3). The
flow rate is measured by the flow meter F. After the flow meter the
carrier gas passes through a silica gel drying column G and a cool-
ing trap H. Figure 3 shows the second section of the flow apparatus.
The carrier gas enters at A, passes in the quartz tube over the sam-
ple and carries the escaping emanation to the chamber B where the
activity is measured by means of a scintillation counter. A scaler
or a ratemeter with recorder are connected with the scintillation
counter for measuring the activity. The temperature of the sample
is measured by means of a thermocouple which is likewise connected
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Figure 2. Apparatus for flow measurement of an emanation:
Control and purification of the carrier gas.
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Figure 3. Apparatus for flow measurement of an emanation:
Collection and measurement of the emanation.




7

with a recorder. The furnace 1s of a multiple unit type: 1t may be
opened and removed quickly for the purpose of abrupt cooling of the
sample. A standard preparation 1s placed in an alternate circuit of
this apparatus. It can be switched into the circuit whenever cali-
bration is required. The flow of the carrier gas can be reversed in
order to measure the background activity in the chamber B. The back-
ground activity increases slowly during an experiment because of the
radioactivity decay products of the emanstion and has to be sub-
tracted from the measured total activity. By means of the three-way
stopcock J, the manometer K can be connected to the apparatus for
the purpose of leak testing.

The activity measured by means of the flow method may be stand-
ardized in terms of absolute emanating power. The absolute emanating
power of the sample can be obtained by comparison of its « and B
activities with those of a standard preparation of known absolute
emanating power (so-called "P-determined" standard).

Discussions of emanating power versus temperature (EP/T) curves:

Usually the emanating power is either measured at slowly in-
creasing temperature or isothermally. Let us consider at first the

)

30 M"SOQ = EP/T
!
3
£
w
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Temperature  (2°C[min)

Figure 4. Emanating power vs. temperature curve of Mn30h.
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characteristic emanating power vs. temperature diagram of a chemi-
cally stable, solid substance (Fig. 4). The substance in question
is hausmannite (Mnz0),) with incorporated RaTh. In accordance with
Jagitsch ) the foélowing interpretation of this diagrem can be
given: The emanating power of Mn30) 1s relatively low at room tem-
perature and stays nearly constang for several hundred degrees
Celsius since at ordinary temperature the emanation is practically
unable to diffuse out of a closely packed, inorganic crystal lat-
tice. In this case the emanating power at room temperature consists
only of the emanating power due to recoil and is proportional to the
external and internal surface of the solid. The emanating power due
to recoil also stays constant if the temperature increases, provided
there 1s no change in the surfaces of the solid. However, a contin-~
uous increase of the total emanating power of hausmannite can be ob-
served at elevated temperatures which is caused by the rise of the
emenating power due to diffusion (Ep) at higher temperatures. If we
now plot logarithmically the differences between the emanating power
at higher temperatures and the emanating power at room temperature
(EV - EV,) against the reciprocal of the absolute temperature 1/T,
then we recognize two discontinuities in the slope of the curve
(Fig. 5). The first change of the slope occurs at 686° C. This is

T
ML MH;OQ
s
.l
]
)
Lot

o T Tx lo" T 6

Figure 5. 1log EV - EV, vs. of Mn30h.
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0.5 times that of the absolute melting temperature of hausmsnnite.
The second change appears at 800° C and this is 0.5 times that of
the abgolute melting temperature of manganous monoxide (MnO) which
compound was contained as an impurity in the hausmannite used in
this investigation.

Similar results have been obtained on many other compounds:
the temperature at which the enhancement of the emanating power of
stable solids starts is always between 0.5 and 0.6 times that of ?h
absolute melting temperature of the solids. According to Tammann 9§
this is also the temperature at which the lattice begins to "loosen",
and reactions in the solid state become possible since the mobility
of the lattice components has become sufficiently high. It is for
this reason that the escape of emanation atoms from the interior of
the solid begins to accelerate in the same temperature range and
will increase rapidly as the temperature rises. Both discontinui-
ties in the diagram of Mn30u can therefore be correlated to an in-
creasing lattice diffusion of the emanation in the solid caused by
the loosening of the lattice at this temperature. Thils demonstrates
the high dependency of the emanating power due to diffusion (Ep) on
changes of the condition of diffusion in the solid. Hence, one may
reasonably expect that other structural changes in a solid (like
phase transformations, decompositions, etc.) can also be detected
and followed by means of the emanation method.

We shall consider now the EP/T diagram of a chemically meta-
stable solid, BaNg, as established by our own measurements. BaNg
has been chosen because the thermal decomposition and the photolysis
of this compound were well examined in the past. We prepared BaNg
in the usual way from Ba(OH)o and HN3 by precipitation with alcohol
and then incorporated about 1 uC of RdTh (Fig. 6) per gram of BaNg.
The EP/T curve of BaNg is shown in Fig. 7. The temperature increase
during the measurement was 3° C/min and nitrogen was used as carrier
gas. On the ordinate the activity is given in counts per minute per
milligram. The solid curve was obtained on heating, the dashed one
on cooling. The sample at room temperature already showed a rela-
tively high emanating power which increased slowly up to a tempera-
ture of 120° C. Beyond this temperature, however, the emanating
power rapidly increased, passed a maximum, and then decreased again.
During cooling the emanating power gradually approached the original
room temperature value. BaNg is being prepared by dehydration of
the monohydrate and this fact may be responsible for the relatively
high activity observed at room temperature. Obviously the structure
of BaNg became defective due to the dehydration process. We ascribe
the strong increase of the emanating power starting at 120° C to the
breakdown of the lattice during the decomposition process as a re-
sult of which practically all emanation produced in the interior of
the sample can escepe. The decrease of the emanating power observed
after completion of the decomposition probably coincided with the
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Figure 7. Activity vs. temperature curve of BaNg.

growth of the decomposition products (in this case Ba and Ba3N2) and
thus might be related to it. The peak of the emanating poweTr was
slightly displaced to lower temperatures when the heat treatment was
undertaken after preheating or preirradiation with ultraviolet light.
The use of argon as carrier gas showed a much sharper outburst of
the emanation during the decomposition. Figure 8 shows isotherms
which were taken with the same preparations. These curves demon-
strate how the emanating power reflects the pattern of decomposition
at different temperatures. Figure 9 1llustrates the effect of
quenching of the sample: The so0lid line shows the increase of the
emanating power at rising temperature, the dashed line shows the
changes of the emanating power during the cooling process and the
dotted line represents the increase of the emanating power during
the re-warming of the sample. After the beginning of the decomposi-
tion we cooled the preparation as fast as possible with dry ice. At
first the emanating power increases further during the cooling proc-
ess. The emanation obviously still had the opportunity to escape
from the interior of the lattice during a certain time after cooling.
The BaNg was only partly decomposed when the heating was interrupted
as a re-warming curve proved (Fig. 10). The results obtained so far
are preliminary and we shall not evaluate them quantitatively until
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Figure 10, Reheating curve of Balg.

we are able to observe simultaneously the nitrogen evolution and the
emanating power. An apparatus for such examinations is being
designed.

Aforementioned experiments show that it is possible to follow
the course of a decomposition by measuring the emanation which
escapes from the metastable solid. At room temperature the emanat-
ing power is a characteristic value of a solid. If preparations of
the same chemical constitution exhibit a different emanating power
at ordinary temperature, one can assume that they will also differ
with regards to their internal and external surface and the degree
of perfection of the lattice, and thus the emanating power is close-
ly related to the chemical activity of a solid.

The emanation technique may be successfully used, therefore,
for the characterization of a metastable compound and for the exami-
nation of its decomposition pattern.
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A STUDY OF RADIATION-INDUCED DEFECTS IN SODIUM AZIDE*
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ABSTRACT

Optical absorption and electron spin paramagnetic resonance,
ESPFR, experiments on ultraviolet irradiated NaN; have revealed a
number of color centers. A series of interrelaged thermal and op-
tical bleaching experiments are described which allow one to corre-
late the optical absorption bands with the ESPR data. The experi-
ments are interpreted by analogy with the well known work on alkali
halides, in terms of the DeBoer model of the F center and the Seitz
models of the Fo and Fpot centers. A reassignment of the optical
absorption bands to the appropriate centers is made. Calculations
of band energies based on the continuum models for these centers
are found to be in excellent agreement with the data. Besides the
vacancy centers formed by the ultraviolet light, x-irradiation at
T7° K causes an additional defect which appears as a power sensi-
tive three-line ESPR signal. This spectrum is interpreted as Nl
atoms trapped in the crystal lattice. Upon warming, the signal
rapidly disappears and the sample glows. The implications of all
of the above experiments upon the chemical kinetics of vacancy for-
mation and crystal decomposition will be discussed.

I. INTRODUCTION

Sodium azide in its available pure state 1s a white microcrys-
talline powder. Clear, colorless crystalline platelets of the
material may be grown, with some difficulty, f m aqueous solution.
The compound is an insulator, is diamagnetic, 1) and is highly ionic.
It differs in t?ermal properties from alkali halide materials in that
it decom.poses(2 easily at temperatures well below its melting point
(~598° K). Sodium azide is also photosensitive(3) and decomposes
under uv irradiation according to the highly exothermic bimolecular

* Most of this report appeared as "Solid State Photochemical Proc-
esses 1n Sodium Azide," by G. J. King, B. S. Miller, F. F. Carlson,
and R. C. McMillen in J. CHEM. PHYS., 35, No. 4, 1422 (Oct. 1961).
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chemical reaction 2N3' ==y 3No+2e, which creates an energy surplus
of approximately 9 ev(l), This reaction can also be produced by
irradiation with x rays,(3,5) gamma rays,(6) and also by neutrons(6).

Irradistion by the mercury 2537-A line at ~ 77° K produces a
deep optical absorption band at 6100 A and a smaller band on the
long w?v§length shoulder at 7300 A. By analogy with the alkali ha-
lides, 7) these bands have been previously termed the F band and the
R band, respectively. No band corresponding to the V band in alkali
halides is observed when jrradiation is performed with the 2537-A
mercury line at ~ 779 K 3%. The optical bands at 6100 A and 7300 A
become thermally unstable below ~ 298° K.

Electron spin resonances produced in sodium azide by uv irradi-
ation have been reported previously(8,10). Irradiation for short
periods with an unfiltered mercury lamp at 573° K produces sodium
metal colloids in sodium azide. The electron spin paramagnetic
resonance (ESPR) of the conduction electrons of the colloidal sodium
is easily observed(8,9). Identification of the resonance as that
from cglloidal sodium has been corroborated by spectrophotometric
means .

Irradiation of sodium azide with a mercury uv lamp at T77° K,
however, produces an ESPR absorption identified as an F center with
resolved nuclear hyperfine interactions(10), The difference in be-
havior of sodium azide at the two temperatures is attributed to the
stability of photo-induced defect structure at 77° K. At the high
temperature, which is only slightly below the melting point of sod-
ium azide, thermal- and photo-decomposition produce large quantities
of nitrogen gas and allow remaining sodium atoms to migrate and form
colloids. The process of thermal aggregation of metallic sodium in
photolysed azid?s gas been compared to the development of photo-
graphic images.{1ll

II. EXPERIMENTAL PROCEDURES

Microcrystalline standards of sodium azide powder of very high
purity were prepared by direct reaction of gaseous hydrazoic acid
and pure sodium metal. The hydrazoic acid used in this procedure
was prepared by the method of Kemp(12) in order to avoid sulfate
contamination introduced into the hydrazoic acid during its produc-
tion. In this manner, dry iron-free sodium azide is produced which
shows a diamagnetic susceptibility of l7x10'6 cgs units per mole.
Normal, chemically pure samples of sodium azide contain iron as a
result of their manufacture and commonly show paramsgnetic behavior.
The impurities can usually be eliminated by multiple recrystalliza-
tion of the material.
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The crystals of sodium azide which were used for all optical
measurements were grown from saturated aqueous solution. Until
very recently, crystals suitable for optical experiments were ob-
tained only with great difficulty. After an e?te sive investiga-
tion of environmental growth conditions, Kezer(1l3) has determined
the parameters needed for successful production of large quantities
of crystals of optical quality. These crystals are in the form of
thin platelets which typically are 6x6x0.1 mm in size. Careful se-
lection procedures are required to avoid use of crystals exhibiting
morphological disturbances such as twinning and stacking faults.
These defects seriously interfere with optical measurements since
the index of refraction of sodium azide is anisotropic. Occasion-
ally a crystalline sample was crushed into & powder and its behav-
ior compared to that of the pure dry powder in ESPR experiments.

The high purity microcrystalline sodium azide samples were
prepared for ESFR measurements in such a manner as to prevent con-
tamination by contact with air or water. The azide was placed in a
fused silica tube and the tube then evacuated to a pressure of
2x10-5 mm Hg. The fused silica tube was then sealed off with a
torch. No microwave resonances were detected when such untreated
samples were examined in the ESPR spectrometer. In some cases, to
improve thermal contact for low-temperature experiments, the sample
tubes were filled with helium gas to a pressure of about 0.5 mm Hg.

During the torching off of the sample, the azide 1in the tube
is subjected to irradiation from the hot fused silica. By compari-
son with other sealing methods, no effect traceable to this irradi-
ation was found. A small amount of sodium azide also decomposes
near the seal-off point giving deposited sodium metal and pure nitro-
gen gas. The part of the tube covered by the sodium metal does not
enter the sensing volume of the microwave cavity but does, however,
serve as an effective getter for any residual active gases such as

oxygen.

Ultraviolet irradiation of the sealed sample through the fused
silica tube was performed by using a Hanovia SH616A mercury vapor
lamp placed approximately 5 cm from the sample. During the irradi-
ation the sample was barely submerged in an open dewar of liquid
nitrogen. This rather crude arrangement permits optimum aperture
conditions, results in efficient sample cooling, and the gas from
the boiling nitrogen provides an optical path which transmits short-
wavelength uv light.

The sample tube was periodically shaken to obtain mixing of the
powder to assure good irradiation coverage. Approximately one hour
of this treatment was sufficlent to color the sample deep blue.
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Irradiation with uv light at 195° K was accomplished by press-
ing the sample tube into dry-ice powder in the dewar instead of
liquid nitrogen. In cases where optical bleaching of color centers
was attempted, a Sylvanis Blue Top type 3OOT8-1/2 tungsten projec-
tion lamp was used in conjunction with water heat filters and vari-
ous suitable Corning glass filters.

All of the ESPFR measurements were performed at 77° K. After
appropriate sample treatment at a desired temperature, speedy trans-
fer to a quick-sealing low-temperature Hjgp cavity surrounded by a
Styrofoam dewar completed the preparation without allowing signifi-
cant temperature change of the sample. The cavity had a quick-
sealing entry port which allowed approximately three-fourths of the
fused silica sample tube to extend beyond the limits of the cavity
proper. The sample tube was approximately one-fourth filled (lcc)
with sodium azide. By proper mechanical treatment of the cavity the
entire powdered sample could be shaken out of the sensitive volume
of the cavity while the fused silica tube was held rigidly in its
original position in the cavity. In this way, precise blank runs
were obtalned and any sample holder effects eliminated. Unless
otherwise stated, in every case the optical and ESPR measurements
were performed at 77° K.

The spectrometer used in these experiments consisted of a Var-
ian type V4500 EPR spectrometer; a Varian regulated power supply
type V2100A, and a 12-in. type 4012 high resolution NMR magnet. A
simple X band magic tee bridge with the AFC locked on to the sample
cavity was employed for the majority of the measurements. Air-
cooled VA201B klystrons, which are low noise and stable, were used
for the majority of the measurements. Some high-power experiments
were performed using a Varian type V58 klystron. The field of the
magnet was modulated at 200 cps in most of the experiments.

Klystron frequencies were measured by means of a Hewlett-Packard
type 54OB frequency counter system and magnetic field strengths were
determined by a proton magnetometer designed by Singer and Johnson(lu)
This is an excellent instrument if moderate care is given to placement
of components and shielding of the rf choke.

Optical measurements were performed using a Beckman DK-% gpec-
trophotometer which was equipped with liquid-helium cryostat 8)., an
optical measurements were transmission type, and thin crystalline
platelets of NaN3 were used.
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ITII. CORRELATION OF OPTICAL AND ESPR ABSORPTION BANDS

Initial experiments served to correlate the optical bands with
the corresponding ESPR bands produced by uv irradiation at 77° K.
Several criteria were used for deciding that a particular optical
band and ESPR absorption were produced by the same defect center.
It was required that the particular optical absorption to be related
to an ESPR absorption must first show identical thermal and optical
bleaching properties and that these properties should be unique to
both of the absorptions. Another criterion was that, once a corre-
lation was made, the optical band and the ESPR absorption should
have separate and independent Jjustifications within their own disci-
plines or techniques. That is, the F optical band should fit some
optical model expleining its center wavelength with respect to other
bands. The ESFR aebsorption for an ¥ center should fit the symmetry
properties and other reasonable requirements of an F-center spin
resonance.

In the initial ESPR experiments, microcrystalline samples of
sodium azide were irradiated for one hour with uv light at 77° K and
then examined in the ESPR spectrometer. At sufficiently high power,
a strong symmetric resonance with resolved hyperfine structure
(Fig. 1) was observed, which previously(10) was ascribed to an F-
center resonance.

Figure 1. The slope d,"/dH of the ESPR absorption in sodium azide
powder at high power. The spectroscopic splitting factor g is given
for three points. Field modulation is 3 gauss at 200 cps. Tempera-
ture is ~ 77° K.

Single crystal plates of sodium azide, given the same irradia-
tion treatment and also kept at all times at 77° K, were found to
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Figure 2. (a) NaN3 exposed to Hg vapor lamp for 15 min at 77° K.
(v) After exposure to F-band light. Both curves measured at 77° K.
The crossover point at 680 mu 1is a point of constant absorption
for this bleaching process.

exhibit optical absorption band at 6100 A and 7300 A [Fig. e(a)] .
These two optical bands were the only two bands discernible after
short-term (approx. 1 hour) irradiation at 77° K. Long duration
(approx. 10 hours) uv irradiation at 77° K yielded other optical
absorption bands which, however, were at least 100 times smaller
than the 6100 A and 7300 A optical bands. These two optical bands
were previously observed by Cunningham and Tompkins(3g in fresh
crystals under the same general irradiation conditions. The ratio
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of the area of the 7300-A band to the area of the 6100-A band was
found to be smaller in their experiment than in ours. This differ-
ence is possibly assoclated with the difference in the optical
properties of the uv light sources used in the experiments. In our
experiments it was found that the T7300-A optical band bleached rap-
idly at 195° X with the accompanying growth of the 6100-A band.

The same thermal treatment given to the sample used in ESPR csused
the F-center resonance to bleach and exposed a broad asymmetric ab-
sorption (Fig. 3) which was, in part, present before thermal bleach-
ing (see below).

In addition to the thermal bleaching experiments, the 6100-A
and 7300-A bands were irradiated with resonance radiation, as well
as other wavelengths above the first absorption edge, in an attempt
to bleach them optically. It was found, for irradiation with light
within the 7300-A band alone, that the 7300-A band bleached and the
6100-A band grew. The 6100-A band did not bleach with light of any
wavelength between 3000 A and 10000 A. The ESPR absorption curve
for the F center (Fig. 1) was found to have the identical optical
bleaching properties to the T7300-A band.

d=
3=
=x
==
=
==
E=
=

Figure 3. The slope dx"/dH of the ESPR absorption in sodium azide
powder after thermal bleaching of the F center at 195° K. Data
taken at 77° K.

The possibility of the presence of a second ESPR band lying
under the F-center ESFR signal (Fig. 1) was then investigated,
since the simultaneous presence of two optical bands possibly indi-
cated the simultaneous presence of two separate ESPR signals. It
was found that when the microwave power was reduced at least 15 db
the symmetric F-center signal (Fig. 1) became distorted on the low
magnetic field side (Fig. 4). Further reduction in power (20 db)
produced an assymmetric resonance signal very similar to the
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Pigure 4. The slope dx"/dH of the ESPR absorption in sodium azide
powder at reduced power (15 db). Other conditions are the same as in
Fig. 1.

bleached signal (Fig. 3). It was concluded that the sensitivity of
shape to power is caused by the presence of a second ESPR center
which saturates at less power than the F center and which is very
asymmetric in its spin properties. Thus, a second center was found
which was simultaneously present with the F center and which was
asymmetric and possessed an unpaired spin. Further, by power desat-
uration it was demonstrated that the second ESPR center had the same
ESPR character as the signal remaining after optical or thermal
bleaching at 195o K. The ESPR powder data showed that the F-center
resonance possessed a very large isotropic component since a large
symmetric ESPR signal is observed in the powdered material. Ques-
tions concerning the actual mixing of the signals, e.g., how much of
the envelope of the symmetric signal at high power actually belongs
to the second more saturable asymmetric signal, could not be deter-
mined from the powder data. The reasons for this are that the spec-
trometer sensitivity to the individual signals is very much differ-
ent because of linewidths and the non-isotropic behavior of the
second center does not permit proper assessment of that center in
the powdered material. Discussion of these aspects is deferred to
Sec. VIII. For present purposes the ESPR information from powder
samples is presumed to be sufficient.

One further correlation remained. The optical band at 6100 A
bleached in the order of minutes at room temperature. The asym-
metric ESPR band showed the same behavior and at the same time the
blue color of the material disappeared. Optical bleaching could
not be accomplished, as previously noted.
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In summary, the 6100-A band (Fig. 2) is presumed to be caused
by the same center which produces the broad ESPR signal (Fig. 3).
The T7300-A band (Fig. 2) and the F-center resonance curve (Fig. 1)
are presumed to be both produced by the F center.

IV. OTHER PROPERTIES OF THE BANDS

Irradiation at 77° X

The color centers produced by uv irradiation in NaN; at 77° X
have some of the peculiarities of optical and thermsl bléaching of
color centers in alkali halides. The 7300-A F band is slightly un-
stable at 77° K, decaying roughly 20 percent in the first 24 hours.
When bleached at 195° K, the process proceeds in several minutes to
roughly 90 percent completion. The remaining F centers are "hard,”
a situation common to alkali halide F centers. These "hard" F
centers can even tolerate several seconds of exposure to room tem-
perature. Optical bleaching also presents the same behavior, some
F centers showing "hard" behavior. The ESPR measurements agree in
detail with all of the optical experiments in this connection.

It is presumed that outer surface effects may be responsible
for some of the "hard" F-band behavior. At 77° K the first exciton
absorption band is centered at 2400 A. All the output of our uv
lamps which is effective in photolysis of NaN3 is from 2537 A down
to shorter wavelengths. The 50 percent transmission point in our
crystals is approximately 2500 A. Thus, much of the short-wavelength
incident light is absorbed on the surface. For this reason, proper
comparison of the ESPR and optical data required running ESFR data
on single crystals having the same approximate thickness as the op-
tical samples. This work 1s included in Sec. VIII.

Optical bleaching of the 6100-A band does not occur, even after
a three-hour irradiation with a filtered 1l-kw tungsten projection
lamp (see also Sec. III). This resistance to optical bleaching is
typical of coagulation-type centers such as those responsible for
the R and M bands in alkali halides.

During optical bleaching by F light at 77° K or thermal bleach-
ing at 195° K, the 7300-A F band decreases and the 6100-A band in-
creases. No other bands occur in crystals uv irradiated for one
hour, and the bleaching process is entirely a two component system
as 1s indicated by an isosbestic point. The ratio of area of growth
of the 6100-A band to decrease of 7300-A band is roughly three.

This permits the interpretations that the oscillator strength of the
6100-A band is greater than that of the 7300-A band or that one of
the centers causing the 7300-A band decays into more than one of the
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centers causing the 6100-A band. A model which fits the optical
observations (see Sec. VI) agrees with the former choice.

Irradiation at Helium Temperature

The optical bands at 6100 A and 7300 A were found to form with
only slightly reduced efficiency at ligquid-helium temperature. The
optical bleaching of the 7300-A F band occurs readily at liquid-
helium temperature also. While the optical bleach of the F band at
77° K is always accompanied by growth of the 6100-A band, at liquid-
helium tempersture, we found no growth at all of the 6100-A band
when the F band was optically bleached. When the optically bleached
sample was then raised to 77° K for 30 min and subsequently recooled
to liquid-helium temperature, it was found that the 6100-A band had
now grown (without any other changes in the absorption curve). The
F band had not changed at all during the thermal treatment at T77° K.

A second, blank run, experiment was then performed which was
identical in all respects to the previous experiment, except that no
optical bleaching was attempted. In this case the band at 6100 A
grew during thermal cyling at 770 K at the expense of the 7300-A
band. Thus, the formation of the 6100-A band from the T7300-A band is
primarily a thermal coagulation process. The optical bleaching at
liquid-helium temperature removes an electron from the F-center
vacancy but the liquid-helium temperature does not permit the vacancy
to migrate. Apparently, the F center is definitely more stable at
liquid-helium temperature than at 77° K, as is indicated by the ther-
mal decay of the optical band. An important conclusion is, however,
that coagulation of the F centers yields more of the centers respons-
ible for the 6100-A band. Other conclusions are that some of the F
centers formed at liquid-helium temperature are unstable at 77° K
and the F vacancy is mobile at 77° K.

V. PRODUCTION OF ANION VACANCY TRAPS BY PHOTOCHEMICAL REACTIONS

In aikali halides, the production of an F band by uv light(l5’16)
may lead to the formation of auxiliary bands on the long wavelength
side of the F band by coagulation of F centers or F-center vacancies.
It appears that the formation of single vacancies in the initial
stages of lrradiation 1s favored since the F band is normally very
much larger than R- or M-type bands. In sodium azide, assuming rea-
sonable oscillator strengths, the formation of the F band as a pri-
mary band does not seem to occur since it is much smaller than the
6100-A band. This is in direct accord, however, with the chemical
nature of the azide ion. A basic mode of photolytic decomposition
available to sodium azide can be summarized by the bimolecular
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decomposition 2N3 -=3 3No which is exothermic in the amount of

9 ev ). This reaction produces sodium metal as the other product.
The unimolecular decomposition of an azide ion by a ground-state
process into Npo and N is not favored by conservation rules(4). 1In
the event the excited state unimolecular interaction can be photo-
lytically induced within the lattice, it is likely that the N atom
or ion would interact with adjacent azide ions. This, in effect,
accomplishes a bimolecular decomposition if the reaction

N+N:~ --p 2No+e can then occur. If one assumes that adjacent azide
ions in the lattice are induced to interact by the action of uv
irradiation, then three No gas molecules will be produced in the
center of a considerable thermal spike. This process of interaction
may be assisted by defects such as excitons, internal surfaces, and
other imperfections. Since the No molecule is small in comparison
to the lattice dimensions of sodium azide, the probability is large
that it will diffuse rapidly from the spike. This process requires
that double anion vacancies be produced in preference to single
anion vacancies. This agrees with a model adopted to fit the NaN3
optical band structure, which assumes that the 6100-A band is formed
by two vacancies with a trapped electron.

The occurrence of photo processes at low tempera?grei within
the crystals is consistent with some previous studies »9) on sodium
colloids but does not exclude external surface effects. The ESPR
results are, however, primarily due to volume effects and not due to
external surfaces.

VI. INTERPRETATION OF OPTICAL BANDS
IN TERMS OF THE CONTINUUM MODEL

The location of the 6100-A band on the short wavelength side of
the F optical band is the reverse of the usual behavior of ?he R-gype
bands in alkali halides. On the basis of a continuum model 17,18
modified to fit the wavelength of the F-center optical band(20), this
behavior serves to point out the particular center responsible for
the 6100-A band. The continuum model for R-type centers is based on
the assumption that the optical transitions of the R-type centers in
alkali halides can be interpreted in terms of the transitions of hy-
drogen molecules or molecule ions immersed in an effective dielec-
tric continuum. According to this model, the only simple transition
occurring on the short wavelength side of the F band is the
lsog ~ 2pmw,; transition of the hydrogen molecule ion, or in the no-
tation of Seitz, the Fot center. In order to compare theoretical
and experimental values, the effective dielectric parameter was as-
sumed to be that demanded by the continuum theory to fit the F-center
optical band position, K=2.45.
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The crystal structure of sodium azide is rhombohedral (Fig. 5)
and there are two likely vacancy pairs which can produce F2+ centers.
An azide ion in sodium azide has six nearest neighbor sodium ions at
a distance of 3.28 A from the center of the azide ion. These sodium
ions are symmetrically placed about the azide ion in a roughly iso-
tropic manner. The next nearest spherical shell of ions about the
azide ion conslsts of twelve azide ions, if one considers not the
center-to-center distances of the ions but the distance of closest
approach. Sodium azide has a layer structure which separates the
sodium and azide ions into parallel planes to which the [111])

Figure 5. Rhombohedral unit cell of sodium azide [see S. B.
Hendricks and L. Pauling, J. Am. Chem. Soc. 47, 2904 (1925)]. Mag-
netic field direction for ESPR single crystal measurements is shown.

The light beam direction in optical measurements is also parallel to
(111].
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direction in the lattice is perpendicular. The separation of the
center of each azide ion in the azide plane is 3.62 A, and since

the internuclear axes of the ions are parallel, this is the minimum
separation. The separation of the center of each azide ion from its
nearest neighbor in the next azide plane is 5.46 A, but due to the
length of the azide ions the actual minimum separation is only 3.42 A.

In forming adjacent anion vacancies in sodium azide, the chemi-
cal reaction may involve the transport of & single N atom from the
decayed azide radical site to the nearest azide lon. While the
center-to-center separation of one possible vacancy pair is much
larger than that of the other, the actual transport distances are
nearly the same. Thus, two types of F centers are to be expected.
The 6100-A band was carefully investigated for structure by bleach-
ing techniques and the two Fo * bands were found. The standard method
was used tn» form the 7300-A and 6100-A bands except the irradiation
lasted for 18 hr and very deep bands were formed [Fig. 6(a)]. The
sample was then bleached by rapidly warming to 298° K and then im-
mediately recooling to 77° K. The optical absorption curve then
showed five distinct bands in the space covered by the 6100-A and
7300-A bands [Fig. 6(b)]. By using photoemission techniques (see
below) it has been possible to show that the 5470-A band and the
6250-A band grow in a unique manner and merge into one band having
an apparent center at 6100 A.

Based on the assumption that the F-center band is at 7300 A,
the continuum model predicts the bands given in Table I. The agree-
ment of the observed data and the predictions of the simple theory
are surprisingly good. The Fp* transitions for the 3 62-A separa-
tion are not in close agreemen? bgt this type of Fot center is ex-
pected to show some asymmetric 19) character while the Fg center
for the 5.46-A separation is expected, from consideration of the
lattice structure to be symmetric. The predicted infrared band at
0.41 ev occurs in the molecular absorption bands of the azide ion.
Investigation showed, however, that one of the bands at 0.49 ev oc-
curred only when there was a high density of Fot centers in the
crystal and further this band bleached when the FQ band was therm-
ally bleached.

The continuum model also predicts four transitions for the Fo
centers. Two of these bands are superimposed. Some, but not all,
of the "hard" character of the F centers may be due to this situa-
tion. The band at 4850 A is very weak and for the present is not
identified.

The interpretation of the compound optical absorption band at
6100 A as one due to a single electron trapped at a double anion
vacancy 1is further strengthened by the ESPR data. The ESPR reson-
ance associated with the Fot centers or 6100-A band is asymmetric
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on the powdered materiael and has a negative g-value shift from that
of a free electron. The asymmetry of the resonance is produced by
the anisotropic structure of the center and the anisotropic crystal-
line effects in sodium azide. The negative value of the g shift is
in accord with the idea that the center is a trapped electron.

Presumably the preferential formation of the Fpot centers in-
stead of the Fo centers is connected with initlal conditions during
formation of the double vacancy. The relaxation of the lattice to
accommodate the vacancies, and conditions such as precise location
of lattice ions around the vacancies are presumed to be the deter-
mining processes. Once the conditions suitable for the existence
of an F2+ center are established, the stability against capture of
a second electron may be influenced by lattice polarization effects.
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TABLE I

Predicted band positions on the basis of the continuum model
for color centers in NaN,;. The internuclear separation of the
vacancies is given in Angstroms and the energies of the correspond-
ing optical transitions in electron volts and in millimicrons.

F2+ Transitions

R(A) Transition E Calculated, ev E Observed, ev (mp)
3.62 1Sag — 2pm, 2.46 2.27(547)

5,46 180, — 2pm, 1.97 1.97(625)

3.62 Ich — 2po, 0.84 None

5.46 180, —» 2poy 0.h1 0.49(2520)

F2 Transitions

3.62 "Zgt 'Rt 1.45 (

5.46 T, Rt 1.33 gl.h5(850)
3.62 "Zgt 'yt 1.70 (F band
5.46 R Rty 1.65 21.70(730)

VII. PHOTOEMISSION EXPERIMENTS IN SODIUM AZIDE

Once & sodium azide crystal has been used for F-center experi-
ments and then allowed to warm to room temperature, it is c?nséiered
to be "o0ld" since it contains large amounts of sodium metal 3,9),
Thlis is seen as a large band centered at 3300 A due to atomic sodium.
It is possible to bombard "old" sodium azide crystals with dense in-
ternal electron showers by irradiating the sample with a tungsten
lamp, thus producing photoelectrons from the sodium metal. The
tungsten lamp otherwise produces no vacancies in the crystal since
the wavelengths are too long to be active. This property is used to
investigate the stability of vacancies in sodium azide without per-
turbing the number of vacancies present.
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The crystal discussed in the previous section and shown in Fig.
6(b) is considered to be an old crystal. During the short-time
(sbout ). min) bleaching at 298° K the electroms in the color centers
are thermally promoted from the vacancies and the vacancies are made
mobile. When the crystal is immediately recooled to 77° K, the less
moblle vacancies are trapped in the lattice. The absorption bands
in Fig. 6(b) are only from the "hard" remnants which have managed to
retain their electrons. The vacancies which have low mobility, be-
ing still present, can now retrap an electron if there is & suffi-
cient density of electrons available. Irradiation with a tungsten
lamp supplies the electrons. The growth of the Fp* bands at 5470 A
and 6250 A into the 6100-A composite band can be studied in detail
by this method. Figure 6(c) shows the condition of the crystal
originally having the optical character of Fig. 6(b) after 2 hours
of irradiation at 77° K with a filtered tungsten lamp. It is appar-
ent from the regrowth of the F2+ bands that many double vacancies
were trapped in the lattice. The double vacancies have low mobility
and high stability in comparison to the single F vacancies. The ap-
parent simultaneous bleaching of the 7300-A and 8500-A bands indi-
cates that a large part of the 7300-A band in this experiment may
not be due to hard F centers but rather to Fp centers. The contin-
uum model (see Table I) predicts bands near 7300 A and 8500 A for
the four transitions of the Fp center. It is conceivable that these
bands are produced by F centers which have coagulated in special
sites and are found. Capture of electrons to form F' centers may be
responsible for the apparent bleaching.

At the present time, experiments are being conducted which use
this method to measure directly the mobilities of the vacancies in
sodium azide. It has been found that if the thermal bleaching of
the sample lasts 12 hours at room temperature, that no amount of
tungsten lamp irradiation will cause band growth at 77° K.

The most important conclusion of the experiment regresented in
Fig. 6 is that the double vacancies resulting in the F>" bands do
not result from coagulation of single vacancies but have an inde-
pendent existence. The 12-hr thermal bleaching experiment, above,
indicates also that none of these double vacancies are present in
the crystal previous to uv irradiation at 77° K. The experiments
do not preclude the formation of double vacancies by coagulation
but statistically one would expect the F band then to be much larger
than the Fo* bands. Presumably, the small band at 8500 A in Fig.
6(b) 1s a coagulation band, probably an Fp band.



' .
A D M AR e T R e

101

VIII. ESPR EXPERIMENTS ON SODIUM AZIDE SINGLE CRYSTALS

Most of the ESPR work was done on powders to allow a large
number of experiments to be performed and yet conserve a small sup-
ply of good single crystals available for use. In addition, future
work comparing normal sodium ezide with nitrogen-15 tagged sodium
azide was intended and growth of large crystals containing this ma-
terial is very costly. The information found in single crystal ESFR
experiments confirms the results and interpretations of the powder
experiments.

Crystals selected for ESPR experiments were required to satisfy
the same criteria as those for use in optical experiments. Particu-
lar attention was given to optical clarity and absence of twinning.
This latter defect and related stacking faults produce temperature
dependent varilations in structure which result in spurious optical
bands at low temperatures.

The supply of ten excellent crystals was selected from five
large batches which were grown at different times. Each batch con-
tained a minimum of 500 large (10 X 10 X 0.1 mm) crystals of good
optical clarity. All ESPR measurements performed on crystals from
this select sample agreed quantitatively in results.

The uv irradiation at 77° K of the sodium azide crystals was
performed in the same manner as with the microcrystalline powders.
In addition, the thermal and optical bleaching experiments were re-
done. In every case, the conclusions reached using the powdered
material were supported by the data taken on crystals.

For a single crystal oriented with the dc¢ megnetic field in
the [III] direction (Fig. 5), the ESPR signal is almost entirely
attributable to the hyperfine structure of the F center (Fig. 7).
The line separation is approximately 9 gauss and the peak-to-peak-
on-the-derivative linewidth is approximately 5 gauss. While the
envelope of the ESPR trace changes shape markedly for other orienta-
tions, a set of lines having very closely the same line separation
and linewidth as the F-center resonance can easily be found, regard-
less of crystal orientation (see Figs. 8 and 9). The close mainte-
nance of the line spacing and linewidth of the F-center resonance
byperfine lines (Fig. 7) in all orientations is assurance that the
large distortion of the resonance envelope in some orientations is
produced by at least one other independent and separate center. At
the same time this situation gives evidence of the isotropy of the
F center, which reflects the good isotropy of the six sodium ions
which form the first shell around the anion vacancy.
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Figure 7. The slope d,"/dH of the ESPR absorption in a sodium azide
single crystal. The field of the magnet is in the [111] crystal
direction. The temperature is 77° K. ©Spin density approximately
1018 per cm3.

Figure 8. The slope, d,"/dH of the ESPR absorption in sodium azide
single crystal. The angle between the [111] direction and dec mag-
netic field is approximately Ls°®.
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Figure 9. The slope, d,"/AH of the ESPR absorption in sodium azide
single crystal. The angle between the [l11] direction and the dc
magnetic field is 90°. Temperature is T7° K.

The distortion of the F-center resonance curve as shown in
Figs. 8 and 9 is attributed here to the Fg center. It was previ-
ously shown (Sec. III) that the T7300-A optical F band bleaches
thermally at 195 K and F centers remain. The corresponding ESPR
experiment was performed to separate the F- and Fp *_center reson-
ances. The crystal was uv irradiated at T7° K and the ESPR curves
were obtained as a function of angular orientation with respect to
the dc magnetic field. The crystal was then bleached for 20 min at
195° K and orientational studies repeated under exactly the same
conditions as in the previous experiment. A comparison of the ESFR
traces for the same crystal and the same orientation before and
after bleaching is afforded by Figs. 9 and 10. The ESPR lines hav-
ing the 9-gauss separation have bleached in Fig. 10, which is in
agreement with the powder data (Figs. 1 and 3). It is apparent that
the largest part of the shape of the envelope of Fig. 9 is supplied
by the resonance shown in Fig. 10. Comparison of the bleached and
unbleached signals for other orientations shows the same general
result. Where the envelope of the series of lines with the 9-gauss
separation appears strongly "modulated," the signal remaining after
bleaching is strong and its over-all shape is that of the apparent
modulation of the unbleached signal for the particular orientation.
Figure 7 represents a relatively pure F-center ESFR signal. It was
found that the F2+ signal corresponding to the orientation of Wig. 7
was sufficiently broad to preclude its simultaneous display when the
spectrometer wes set to display the narrow F-center hyperfine lines.
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Figure 10. The slope, d,"/dH, of the ESFR absorption in sodium
azide single crystal after bleaching for 20 min at 195 K. The
same crystal and orientation as in Fig. 9 and identical spectrome-
ter settings. Temperature is T7° K.

The central g value of the F-center resonance appears to be
constant for all orientations of the crystel. It is difficult to
make statements concerning the central g value of the resonance
curve of the 195 K bleached crystals. It is apparent that these
curves generally consist of at least two wide line resonances of
from 30 to 50 gauss peak to peak and several other partly resolved
narrow lines. The rather complicated ESPR behavior of the F2
center is to be expected. Because the Fot center will reflect the
symmetry of the crystal, the magnitude of the hyperfine interactions
should be dependent on crystal orientation with respect to the de
magnetic field. Because there are two sets of Fp' centers and also
the crystal structure is complex there will generally be many sets
of nonequivalent Fpo* centers displayed for any given crystal orien-
tation. This situation, in addition to the broad linewidths, will
tend to suppress ESPR signals from the Fot center.

The orientational studies clearly show that there are at least
two separate centers present one of which, the F center, has an iso-
tropic ESPR behavior and the other, an anisotropic behavior. Fur-
ther, there is a direct correlation between the existence of the
T7300-A optical band and the F-center ESFR band. In addition, the
6100-A optical band has a counterpart in an ESPR band which belongs
to the center having anisotropic hyperfine interactions. It has not
been possible using simple techniques to analyze the orientational
anisotropy effects because of their complexity.
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IX. X RAY EXPERIMENTS

Besides ultravio%et light, we have also used x rays in our rad-
iation damage studies 20), The experimental techniques were ident-
ical with those previously described, except that the portion of the
sample tube to be placed in the microwave cavity was shielded from
the x rays in order to avoid unwanted signals from the quartz. The
NaN3 was irradiated at 77° X with x rays from a General Electric

X ray generator with a tungsten tube operating at 220 kvp and 10 ma.
Upon placing the sample in the EPR spectrometer at 77° K the reson-
ance shown in Fig. 11 was obtalned. It is apparent that there is an
anomalously shaped resonance in addition to the previously discussed
resonances. When the microwave power in the sample cavity is reduced
this anomalous resonance becomes symmetrical and well defined (Fig. 12).

”

Figure 11. The slope, %ET of the electron spin resonance of x-ray

irradiated NaN; showing the partially saturated Nlh resonance in
addition to the F center resonance.

Computer analysis of the ESPR spectrum (Fig. 12) shows that the
resonance can be fitted by three equal Lorentzian lines having equal
spacing about a central g value of 2.0021 * 0.0001. The lines are
separated by 6.2 oersteds. The equality of the absorption lines and
the ease of resolution in the powdered sample indicates that the
resonance is basically isotropic in nature. Experiments with single
crystals show that the structure does not change with orientation of
the crystal.
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d
tion, ﬁ%f’ of M* atoms trapped in the lattice of x ray irradiated

NaN3 at 77° K. The small peak on the right is part of the F center
resonance which is still visible at low power.

This information and the negative g-value shift from the free-
electron value indicate that the structure responsible for the
resonance is not a V-center. Since triplet line structure is pro-
duced by the nuctear magnetic hyperfine field of the 2I + 1 = 3
states of the NI nucleus, we assume the resonance is strongly
centered on a single N4 atom and is, in fact, the resonance of Nlh
trapped in the NaN3 lattice.

The c?ar?cter of the trapped Nll+ atom in various matrices is
well known\2l), The three line ESPR resonance structure is ascribed
to the magnetic transitions in the S3/2 ground state of Nk, e

four allowed magnetic states are split into three lines each by the
nuclear hyperfine fields, but selection rules allow only nice tran-
sitions which coalesce to give three triply degenerate absorption
lines.

Comparison with the available data on N trapped by various
other methods strengthens the evidence for identification of this
resonance with trapped N. Nitrogen trapped at very low temperatures
in matrices of frozen gases always shows three main lines which are
sensitive to the matrix material as far as splitting of the lines is
concerned, but shows a central-line g value which is nearly unshift-
ed. For purposes of comparison, the data from Foner, Jen, Cochran,
and Bowers(22) are partially repeated in Table II. Our data show a
line width slightly larger than that found in other investigations
which were performed at liquid helium temperature. Since the rigid



) .
o i sl e N AP ET— setton.

107

matrix here is crystalline, one expects dipolar and other forms of
broadening to be stronger than for N trapped in condensed gas
matrices. The deviation of A, the hyperfine coupling constant, from
the free gas value is positive, which is typical of the N behavior
but not for some other trapped radicals(2l).

TABLE II

A comparison of the electron spin resonance properties of N
trapped in different matrices@.

APPROXIMATE LINE SEPARATION

MATRIX g5 (OERSTEDS)
Free 2.00215(3) --

Hp 2.00202(8) h.1

No 2.00200(8) 4.3
CHY 2.00203(8) 4.8
NaN3 2.0021(1) 6.2

8The numbers in the parenthesis indicate experimental and/or con-
version errors in the last figures of the associated values.

The deviation is sensitive to environment and is larger than
that encountered in other matrices which reflects the rigidity of
the matrix and the relatively high temperature.

The thermal properties of the Nlu resonance, are similar to
those of the F center. Both the F-center and N1% atom spin reson-
ances are fairly steble at liquid-nitrogen temperature but bleach
very rapidly at dry-ice temperature. A faint blue glow from the
NaN3 is observed by eye when a sample containing F centers and
trapped N is suddenly warmed from liquid nitrogen to room tempera-~
ture. Whether this is assoclated with the N-atom recombination or
the F-center decay, or both, is not known at present.

The thermal stabllity of N atoms in the NaN3 lattice is at
first glance, somewhat surprising. These experiments, however, are
similar to the experiments of Livingston, et al., in which atomic
H was stabilized in frozen acid at T7° K for several months(23).

The production of atomic N may result from the x ray photo-
reaction Ny~ + hy --9 Ny + N + ¢ in vhich the participants may be
in an excited state to accommodate correlation rules. Another
interaction may also occur according to the formula
N3~ + hy ==» Ny + N* + 2¢,

In this case the Nt is ejected from the anion lattice site to
an interstitial site where it captures an electron and is trapped.
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ELECTRON SPIN RESONANCE EXPERIMENTS ON ALPHA LEAD AZIDE

by

G. J. King, R. C. McMillan,
B. S. Miller, and F. F. Carlson
Basic Research Group
U. S. Army Engineer Research and Development Laboratories
Fort Belvoir, Virginia

Qur approach has been to perform electron spin resonance
studies on alkali azides as preparation for the study of more com-
plicated lead azide. This approach has been found useful since
some resonances in Pb azide have similarities to those found in KN3
and other azides.

The work is of a preliminary nature. Orthorhombic lead azide
prepared by Kemp from organic solvents was x-rayed (4O kv at 4O ma)
at 77° K and meintained at that temperature. Organic solvent con-
tent was checked by infrared techniques by Kemp and none was found.
We find no resonances ascribable to organic materials in our work.
In addition, the crystals show remarkable clarity and form stability
under treatment by ultraviolet and x rays when irradiation is per-
formed at low temperature.

Typical electron spin resonance curves for x ray irradiated
lead azide crystals at 77° K are shown in the figures. The follow-
ing statements are offered in explanation and discussion of the
electron spin resonance results.

1. The entire experimental work was designed to keep the
crystals at 77° K at all times. Irradiation at room temperature
permits direct chemical decay by normal methods.

2. No electron spin resonance signals were detected in sam-
ples previous to x-irradiation.

3. All electron spin resonance signals were unstable (some
even at T7° K) and vanished irreversibly when the crystals were
allowed to warm to room temperature for very short periods.

4, In no case did any blue color become apparent. A slight
yellowish hue did appear in the lead azide after irradiation and
this color was permanent at room temperature. We find no electron
spin resonance signal attributable to this color.

5. Ultraviolet light sources (in our case we have only merc-
ury lamps) have little or no apparent effect on the crystals. Some
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extremely weak signals of doubtful origin were observed after merc-
ury lamp irradiation but these are not reproducible.

6. One crystal was given one hour of x ray treatment followed
by eight hours of ultraviolet irradiation at 77° K without apparent
change in optical clarity or color even when allowed to warm to room
temperature.

T. This same crystal was then heated for one hour at 110° ¢
and it darkened slightly. Heating overnight at 170° C caused the
crystal to fracture severely and turn totally black.

8. Blackened lead azide gives no observable electron spin
resonance signal at 77° K. This blackened sample contained large
macroscopic amounts of lead metal as indicated by the low "Q" of the
electron spin resonance cavity. Since the skin depth at 10 kmec is
of the order of 0.6 microns, we assume the particles were larger
than this.

9. The electron spin resonances in x ray irradiated alpha
lead azide are sufficlently narrow that a sensitive spectrometer can
use crystals of 2 or 3 mm size. In our experiments the irradiation
time was one hour at 40 kv and 40 ma (tungsten target) and roughly
1016 unpaired spinE were formed in the crystal. It is estimated
that less than 10" of the beam was incident on the sample area.

The x ray beam was filtered by 1 mm of quartz.

10. In PbNg x-rayed and maintained at 77° K, we recognize four
groups of lines. These are:

&, Sharp - high power series - Shown on the high field
side of the resonances in Figure A. These are also apparent in
Figure D and generally at low attenuator settings (6 db) but tend
to diminish when microwave power is turned down (high attenuator
settings) as in Figures B and C. The spacing of the lines is ap-
proximately 15 gauss for orientations shown.

b. Symmetric Doublet - This structure is marked in
Figures B and C. It occurs either at high or low power but is more
apparent when power is lower. The line separation is 230 gauss as
shown in Figure B. The splitting is dependent on crystal orienta-
tion. The size of the splitting in this compound indicates that it
is fine structure rather than hyperfine structure. The doublet is
symmetric about g = 2. It is possible that the "doublet" is actu-
ally three lines with a central line at g = 2 mixed in with the
complicated line structure at the center of the spectrum.

c. Central Group - Shown in Figure B. The group of very
narrow lines at the center of the spectrum around g = 2. The line
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spacing 1s approximately 5 gauss and the structure appears to be
isotropic.

d. Other narrow line Group - These are pointed out in
Figure C. These very smaell lines are reproducible and nearly
blanket the spectrum. At high power (6 db setting) they are cov-
ered up.

The origins of the resonances are nitrogen fragments produced
during the x ray bombardment. The multiple line structure is very
likely produced by nitrogen-metal compounds and nitrogen chain or
ring structures. The sharp high power series (a) is similar in
appearance to the Np - N) resonances in irradiated KN,. The central
group (¢) is very similar to the N resonance in irradlated NaN,.
The other narrow line group (d) is probably nitrogen ring strudture
and mey simply be an inequivalent resonance pattern of groups from
the sharp high power series (a). The multiple line structure of
groups (a), (c), and (d4) can be explained as hyperfine structure
caused by electronic interaction primarily with nitrogen nuclei.
The symmetric doublet (or triplet?) splitting is apparently pro-
duced by a different mechanism than the other lines. One possibil-
ity is that the two lines represent transitions in a low lying
triplet electronic state. If the resonance is three lines than it
most likely is a ligand field interaction of nitrogen with a damage
site in the lattice. Power saturation, optical bleaching, thermal
bleaching, reversible thermal effects and chemical treatment will
have to be used before any definite conclusions can be reached. 1In
addition complete crystal rotational studies in two different micro-
wave regions will be required for precise information from electron
spin resonance experiments.

In addition to the spectra shown in Figures A, B, C, and D,
there are other broad line spectra underneath the narrow lines.
These have been tuned out from observation by using narrow modula-
tion. The origin of the broad spectrum is unknown.

We wish to express our thanks to Franklin E. Wawner for struc-
tural analyses of these crystals given in the monthly report of the
Project 8F07-11-001-02 of October 1960. In addition we wish to
thank M. D. Kemp for all phases of research and growth of these
crystals.
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PARAMAGNETIC RESONANCE IN POTASSIUM AZIDE
IRRADIATED AT 77° K

by

R. B. Horst and J. H. Anderson*
University of Pittsburgh
Pittsburgh, Pennsylvanla

and
D. E. Milligan
Mellon Institute
Pittsburgh, Pennsylvania

Abstract

Single crystals of potassium azide have been irradiated at

77° K with ultraviolet light. Two new paramagnetic centers, No and
A, have been found. A third center, N),, appears to be the same as
that discovered by Shuskus, Young, Gilliam, and Levy in potassium
azide irradiated at room temperature. The g tensor for the No cen-
ter has only orthorhombic symmetry. Its principal values are
gx = 2.0008, g¥ = 2.0027, g, = 1.9832. The x.axis is parallel to
the_[001] crystal axis and the y and z axes are parallel to the

[110] and [110] axes respectively. The hyperfine tensor is approx-
imately axially sxmmetric with Ty = 3.8G, Ty = 12G, T, = 4.0G. The
models No~ and No™ for this center are discussed. Although they ex-
plain many features of the resonance, neither model can account for
the signs of the g shifts. It is concluded that the center probably
consists of an unpaired spin trapped by two nitrogen atoms associated
with a lattice defect. The paramagnetic center thus formed lacks a

center of symmetry.

We have made electron spin resonance measurements on single
crystals of potassium azide (KN3), irradiated and maintained at
77° K. Three different paramagnetic centers were found. We have
dubbed these centers Np, Ny, and A. The N) center has been previ-
ously reportedl in KN, irradiated at room temperature. This report
is concerned primarily with the Np center.

As suggested by the notation, we consider this center to con-
sist of an unpaired spin associated with a pair of nitrogen atoms.
Our interpretation of the resonance spectrum provides strong evi-
dence for this. 1In order to proceed to a more specific model of

* This research was supported by the U. S. Air Force through the
Air Force Office of Scientific Research of the Air Research and
Development Command.



118

the center we have consldered the theory of the g factor and hyper-
fine structure of the centers. The results have been mainly nega-
tive, since they suggest that the simple model of a diatomic No* or
N,~ ion cannot explain our data.

Sample preparation is treated in section 1 of this paper. Some
details of the microwave technique are given in section 2. The res-
onance spectrum is discussed in section 3. Section L4 describes some
preliminary observations on thermal stability. A brief account is
given in section 5 of growth rate studies. In section 6 we discuss
possible models for the No center.

1. Sample Preparation and Handling

Single crystals of KN3 were obtained by crystallization from
aqueous solution. The solution was prepared by dissolving poly-
crystalline KN3 in demineralized water at 35-40° C and was then
filtered, covered, and allowed to cool slowly to room temperature.
After six weeks, in the dark, crystals in the form of flat plates,
normal to the ¢ axis, had formed. Their size was about 1 x 6 x 6
mm. Polycrystalline KN3 was prepared by treating Fisher reagent
grade NaN3 with Fisher reagent grade HpSO) and bubbling the result-
ing HN3 gas through a solution of Fisher reagent grade KOH. The
material was not generally subjected to recrystallization, although
one batch was. Frequently on dissolving the KNy in water we ob-
served a yellow color in the solution. The virgin single crystals
were tested for paramagnetism by searching for resonance at room
temperature and at T7° K. No absorption lines were found.

The crystals were cut either with a sharp razor blade or a wet
thread. The cleanest cuts were obtained with the wet thread. The
cuts were always made parallel to a [110] axis. This axis was con-
firmed by x-ray analysis to be parallel to an edge of the tabular
crystal. Two shapes of sample were used: a flat plate (in which
case a virgin crystal could often be used) and a rough, right circu-
lar cylinder. The cylinder axis was parallel to the [110] axis nf
the crystal and, therefore, perpendicular to the [001] and [110]
axes.

The flat plates were mounted in the resonant cavity of the
spectrometer either on the bottom (end) of the rectangular cavity or
at a point on the narrow side wall distant £/L or 3¢/4 from the end
of the cavity, f being the length of the cavity. The side wall
location has the advantage that the microwave magnetic fleld at the
sample is always normal to the static magnetic field and thereby
maximum intensity of the resonance is maintained as the cavity is
rotated relative to the static megnetic field.
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The cylindrical sample was cemented to a button on & bevel gear
(Fig. 2) which fitted into & hole in the middle of a narrow side wall
of the cavity. The gear could be rotated through 360°.

1.1 Irradiation of the sample. Irradiations were carried out in
the apperatus shown in Fig. 1. The light source was a G. E. H85-C3
uv lamp with a rated output of 0.49 watt in thﬁ wavelength region
from 250 to 280 mu. We estimate about 7 x 101* photons/cm® sec
reached the sample. Following irradistion for the desired time, the
cavity was attached to a precooled waveguide coupling section and
transferred to a pyrex dewar between the poles of an electromagnet.

GENERAL ELECTRIC
H85-C3 W LAMP

12CM

-—W QUARTZ LENS

RADIATION SHIELD

%

/// ugum Nlmoeg«- K
%:\ = :25;5]4,;/

TYROFOAM /C R‘/OETAT /

Figure 1. Setup for irradlating sample with uv light.

2. Microwave Measurements

All spin resonance experiments were performed at about 77° K.
Frequencies of 9.33 and 23.%9k Mc/sec were used. The spectrometer
was & home-made instrument of the standard low frequency magnetic
field modulation varlety. A magic tee bridge was used. It was
balanced so as to detect the absorption mode.
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The sample cavity was rectangular and resonated in the TEj;p
mode. It was provided with a set of removable coupling irises so as
to permit the attainment of optimum coupling to the remainder of the
microwave circuit. The cavity was fitted into a brass block which
could be screwed onto the waveguide coupling section. The cavity
vhich was used with the cylindrical sample was fitted with a bevel
gear, shown in Fig. 2, which could be driven by another gear mounted
outside the dewar vessel. This permitted us to rotate the sample
through 360° ebout a horizontal axis. Since the waveguide section
which coupled to the cavity was connected to a waveguide Joint which
could be rotated through 360° about a vertical axis, any desired
orientation of the static magnetic field with respect to the crystal
axes could be achieved. The mechanism for sample rotation functioned
quite well except that, after a number of transfers of the cooled
apparatus into and out of the dewar, enough ice formed on moving
parts so as to interfere with rotation.

—
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The g values were measured by a relative method, using diphenyl
pleryl hydrazyl as a reference. The recorder chart was calibrated,
for this purpose, in terms of magnetic field, using the proton mag-
netic resonance signal. The g values were obtained by means of the
expression

_ AH
B1ine = Bpyq ~ € thd

2.0036 - g‘s% ,

where the g factor for powdered hydrazyl is taken as 2.0036.2

3. The Microwave Spectra

The paramagnetic resonance data for both the N, and the N),
center may be summarized by the spin hamiltonian:

H = BlaySyly + gySyH, + g,5,H,) + TyS,I,
+ T,8,I, + T,8,1, ,

where B is the Bohr magneton, S; and Ii are the components of the
electronic and nuclear spin angular momentum operators, respectively
(measured in units of %) and H; is the i component of the magnetic
field. The coordinate system has its x axis parallel to the_[OOl]
crystal axis; the y and z axes are parallel to [110] and [110]
crystal axes and are crystallographically identical, of course. The
values of the parameters gj and Ty are given in Table I. The g ten-
sors have only rhombic symmetry; +the T tensors are approximately
axially symmetric. As may be inferred from Table I, the resonances
of the No and N centers overlap at many orientations of the crystal.
This overlapping renders difficult the process of deducing principal
values of the tensors from angular variation of the spectrum. Fort-
unately, a difference in thermal stability of the centers permits
one to get rid of the N, center and thus to obtain better data for
the Nj, center. We have not found a way to observe the No resonance
alone. For this reason, the principal values for the No center are
less accurately known. The center which we have called N), was_dis-
covered prior to our work by Shuskus, Young, Gilliam, and Levyl in
KN2 which had been irradiated at room temperature and cooled to

T7° K in order to examine the paramagnetic resonance. Our results
for the g and T tensors are substantially the same as theirs except
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Table I. The Principal Values of the g and T Tensors
for the No, N), and A centers
_
THE Principal Values Principal Values
N> cENTER Axis of the g Tensor of the T tensor
x 2.0008 ¥ 0.000k 3.8 £ 0.2 gauss
y 2.0027 * 0.0010 12 *L4 gauss
z 1.9832 * 0.0004 4.0 £ 0.2 gauss
e e —
THE Principal Values Principal Values
N CENTER Axis of the g Tensor of the T tensor
x 1.9876 * 0.0004 2.8 * 0.2 gauss
y 2.0016 * 0.000k4 9.2 X 0.2 gauss
z 2.0051 * 0.0004 2.8 £ 0.2 gauss
THE Principal Values Principal Values
A CENTER Axis of the g Tensor of the T tensor
x 2.053 £ .002 19 ¥ 2 gauss
y 0
Z 0
ﬁ —— e — —

for our value of g, which is about 0.5 percent lower than theirs.
This is a substantial disagreement, since the significant parameter
is the g shift:

Bg = g; - g, = g3 - 2.0023,

which is the difference between the principal value and the free
electron value. Our g shift is almost three times the measured
shift of Shuskus et. al.

3.1 The Angular Variation of the Spectrum. Since this paper has
the nature of a preliminary report with some of our conclusions sub-
ject to more careful verification, we shall describe briefly the
appearance of the spectrum at several orientations. This showld in-
dicate the nature of the difficulties encountered in interpreting
the spectrum and enable the reader to form a better estimate of the
reliability of our numbers.
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3.1.1 The spectrum with H parallel to the [00l) axis. Shown in
Fig. 3 are the first derivetive spectra of the No and N), centers
with the crystal oriented so that the static magnetic field is
parallel to the [00l] axis (c axis) of the crystal. The spectra
were obtained at 1 cm wavelength. The two lines are separated by
about 55G. The A center line appears at a field of about 200G
lower than the No line, so that it is off the figure to the right.
The No line has a partially resolved structure; a slight indication
of structure appears in the Ny line.

N, + N

N, +N,

ESR SPECTRUM (F THE N,
AND THE N, CENTERS

H, Il [001] AXIS

1 (M WAVELENGTH

Figure 3
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ESR SPECTRUM OF THE
N, AND THE N, CENTERS
H, It [001) AXIS
3 (M WAVELENGTH

Figure 4

Figure 4 shows the spectra of the N> and Nj, centers for the
same orientation, but recorded at 3 ecm. Both lines now show par-
tially resolved structure. Their centers are now closer together,
as expected, since the frequency is smaller than at 1 cm. The sep-
aration of the components of the lines is the same as at 1 cm, indi-
cating that the structure is due to nuclear magnetic hyperfine
interaction. The number of component hyperfine lines is 5 for N2
and 9 for N). The relative intensities are: for No, 1:2:3:2:1;
for Ny, 1:4:10:16:19:16:10:k:1.

3.1.2 The spectrum with H in the (lib) plane. When the crystal is
rotated so that the static magnetic field is no longer parallel to
the [00l] crystal axis, both the No and the N), lines break up into
two equivalent lines. There are never more than two equivalent
lines for each center. The A line shows a partially resolved struc-
ture consisting of four lines at crystal orientation such that the
magnetic field meskes an angle with the ([00l] axis of less than five
degrees. This line is so anisotropic and broadens so rapidly as the
angle with the [00l] axis increases that we have not yet been able
to study it in detail.

A complete study of the angular dependence of the N, and N)
spectra establishes unequivocally that the principal axes of the g
and T tensors of these centers are along the [001l] axis (four fold
symmetry axis) and the [110) and [11I0] axes (two fold symmetry axes).
These principal axis locations are consistent with the strictures
which the crystal symmetry places on the anisotropic, second rank
tensors when a maximum of only two equivalent lines for each center
appears at any orientation of the crystal.

Unfortunately, on account of the relatively complex hyperfine
structure of the lines, the two fold equivalence of lines, and their
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tendency to overlap, to follow the angular variation of the g
factors is difficult. The spectrum in Fig. 5, which is a relatively
simple one, will illustrate the difficulty. Only one of the four
lines is resolved, the one which we have labeled N,'. The other
three lines, consisting of the other Ny line: Np", and the two Ny,
lines: Ny' and N)", overlap so that one cannot clearly identify any
of them. The center of this conglomerate is about 85G distant from
the center of the Np' line.

A study of the angular dependence of the N,' spectrum when the
magnetic field H is in the plane of the [001] and [110] axes; 1i.e.
in the (110) plane, enabled us to show that its g factor varies
according to the expression

32 = 3X2 cos® 0 + gez sin® o
where © is the angle between H and the [001] axis. The Ny lines
vere more difficult to study. Fortunately, we were able to obtain
these lines in the absence of the No lines and to study their angu-

lar variation without interference. Since we are chiefly concerned
here with the Ny center, we shall not give the detaills.

N N+ N, + N,

ESR SPECTRUM OF THE
N, AND THE N, CENTERS
H, 1l [110) AXIS
1 CM WAVELENGTH

Figure 5

3.1.3 The spectrum with H parallel to the (00l) plane. The spec-

trum obtained with H parallel to the [110] axis is identical to that
with H parallel to the [110] axis, shown in Fig. 5. This was to be
expected from crystal symmetry. Only the labeling of the lines with
respect to primes and double primes needs to be reversed. With H
bisecting the (10] and [110] axes the primed and double primed
lines coincide, of course. At this orientation all lines overlapped
badly. As a matter of fact, when the crystal was rotated so that H
was in the (00l) plane, it was possible to follow the No' and No"
lines as distinct entities only out to angles of * 35° with the [110]
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or [110] axes. Nevertheless, we were able to plot the g value
versus ¢ (¢ is the angle H made with the [110] axis) and obtain the
results shown in Fig. 6. The two sets of points shown in the graph
are for 0°< ¢ < 450 and -45° < ¢ <0°. They should coincide. The
discrepancy shows the extent to which our inferred g values are un-
reliable. The value of 32 was obtained by extrapolating to ¢ = 90
a straight line with slope equal to the average of the two straight
lines drawn through these points. In this way the principal values
of g were determined.

T 1T 17 17T P T 17 7T 1T T 1 P
‘T { __Z
. '_}L- }_ /
Ve / —f
a
} e _
£ V
& e
Z / ° 7]
-
: /
5 e INTENSITY OF THE N, ANO N,
¥ ® LINES RELATIVE TO DPPH LINE
7 0-N, LINE =N, LINE
L1 1 1 I I N I I T |
[ ] ? [ ] 9 10 11 n 13 14 [ “w [} g "]

IRRADIATION TIME IN HORS

Figure 6. Growth of the N, and the N lines.

The determination of the principal values of T for N, was more
difficult. The data for H in the (110) plane, i.e. the plane of the
[001] and [110] axes could be handled in a straightforward manner
to give T, and T, since the Ny' line is resolved in this plane. The
value of T had to be found in a manner similar to that used for g,

except tha¥ it was necessary to estimate the hyperfine splitting
from the peak-to-peak line width in those cases where hyperfine
structure was not visible. For this reason, the estimated error of
Ty is rather large.

3.1.4 Reconstruction of experimental spectra. The experimentally
determined g and T tensors in Table I have been used to reconstruct
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the spectra for certain special orientations of the crystal. Compu-
tations were made on a desk computer using gaussian lines with
widths of 4.0G between points of maximum slope. Relative intensities
of 1:2:3:2:1 for the lines and separations of 3.8 G gave curves
vwhich matched the appearance of the experimental spectrum for No
with H parallel to the [00l] axis very closely. The spectrum of the
Ny lines only, obtained by the method discussed in section 4 below,
was reconstructed by means of an IBM T70TO computer program. We have
performed the reconstruction only for H parallel to the [110] axis.
The reconstructed spectrum agrees with the experimental spectra ob-
tained in several different runs within experimental error. We are
at present reconstructing the N)' + Nu" + N, spectrum which appears
in Fig. 5.

L. Thermal Stability of the Np and Ny Centers

A crystal which had been irradiated with uv light for 18 hr at
77° K and in which the Ny and Nj centers appeared to be stable was
warmed to about 195° K. This was accomplished by removing the res-
onant cavity from liquid nitrogen, wrapping it in & plastic bag and
immersing it in dry ice. The time required for the cavity to warm
to 195° K was about 1 hr. The sample was shielded from light at all
times except during the brief interval required for transfer of the
cavity from liquid nitrogen to dry ice. After the sample had re-
mained at 195° K for about 14 hr, it was returned to 77° K and the
resonance spectrum was remeasured. The intensity of the N) reson-
ance was found to be 7O percent of the original and that of the No
resonance 50 percent of the original. After this treatment, the
crystal was warmed to room temperature. It was maintained at room
temperature in the dark for 12 hr, then returned to 77° K. The Np
resonance could no longer be observed. The intensity of the N) res-
onance was found to be reduced to 50 percent of the original. After
the crystal was held at room temperature for an additional 30 hr the
Ny resonance also disappeared.

Sketchy as these data are, it is interesting to compare them
with observations on the effect of warming on the optical absorption
bands produced in uv - irradiated potassium and sodium azide.38,b
Tompkins and Young32 found that the 3600 A band is removed by warm-
ing the crystal to 195° K for 10 min. At the same time the 5500 A
band is reduced by about 5 percent and a band at 7250 A is not af-
fected at all. Since neither the No nor the N), center is completely
removed by maintaining the crystal at 195° K even for 14 hr, these
centers certainly do not correspond to the 3600 A band. Since they
are bleached to some extent, they probably do not correspond to the
7250 A band either. Whether either center corresponds to the 5500
A band cannot be decided from our data. The Nj center seems, how-
ever, more likely than the Ny center to correspond to the 5500 A band.
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5. The Growth of the N, and N) Centers

The relative intensities of the No and N) resonances were
measured as a function of irradiation time at 77° K. As & precau-
tion against changing shapes or linewidths, the intensities were
obtained by a double integration of the resonance curves. In order
to make sure that no build-up or decay of centers occurred in the
dark, the last run of each day was repeated the following day.

These two runs always agreed within experimental errors. The re-
sults are shown in Fig. 6. The concentration of N), centers appears
to increase linearly over the entire range. This suggests that
these centers are not associated with lattice defects, because, to-
ward the end of the irradiation period, the concentration of centers
is approaching a level such that the finite number of lattice de-
fects ought to cause the coloring rate to fall off. The Np concen-
tration, on the other hand, definitely approaches a saturation level,
as would be expected if impurities or lattice defects present only
in limited amounts are required for formation of the center.

6. The Structure of the No Center

6.1 The Hyperfine Structure. The magnitude of the hyperfine
splitting and the relative narrowness of the hyperfine lines suggest
e model for the Ny center in which the unpaired spin is fairly
tightly bound in a complex containing two nitrogen atoms: That the
spin interacts equally with the two nitrogen nuclei is shown by the
number and intensity of the hyperfine lines. The magnitude of the
hyperfine splitting is typical of nitrogen-containing radicals:
e.g., for atomic nitrogen it is about 3.7 G*, for nitrogen in NaN3,
1t is 6.2 G°. If the wave function of the unpaired electron were
fairly diffuse, we should exgect fairly broad, unresolved lines such
as the F center line in K C10, or, possibl¥ resolved lines showing
much structure as in the F center in NaN3.

The hyperfine tensor may be written as the sum of two parts:

where 2(0) is a zero rank tensor (scalar) given by

g(o)sa—;gop vy B Sz-l<“’G | 3, 8 (Ik) 82k l ?G>

and.g(e) is a traceless, second rank tensor, the components of which.
are given by

Tij(e) = g p YI‘ﬁ < ‘I‘G | (31‘1!‘3 - I'2 513)/r5 l YG>
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In these expressions the magnetic moment of the electron is given
by gop, that of the nucleus by ri‘ﬁ; 8y, 18 the component of the
spin of electron k along the direction of the external field; S;

is the component of the total spin in the direction of the external
field; &(ry) is the three-dimensional Dirac delta function; r is
the electron-nucleus distance; and 513 is the Kronecker delta. The
averages are taken over the ground state | yg > of the radical. (1t
is evident that we are considering only first order terms.) The
scalar interaction @_ is just the Ferml contact interaction of an
electron with the nucleus which vanishes for all but s wave func-
tions. It does not, ? general, vanish for s electrons in closed
shells. Therefore T( involves a sum over all electrons. On the
other hand, contributions to TiJ(Q) are made only by unpaired elec-
trons; s electrons do not contribute to Tij(z since they have iso-

tropic wave functions; whereas T(z) is anisotropic.

If we assume that the No center may be described in terms of an
unpaired electron occupying a combination of s and p orbitals only:

lvg >=a|p >+b|s > (2)

we can easily show (for the principal axis system of yg) that

1, (®) = 21,(®) = -2r,(®) 2 2 .

We can then write
= ?_(0) - P,
1, = 7(0) + 2p,
T, = 2(0) - P,

but we must be careful to avoid the assumption that the hyperfine
interaction has been divided into a part p which is the contribution
of the p orbital and a part s which is the contribution of the s
orbital. As a matter of fact, the nitrogen atom, which has a ground
state configuration (1s)2 (2s)2 (2p)3 4s, has an isotropic hyperfine
constant of 3.7G, even though the unpaired electrons are p electrons.
The isotropic interaction arises from polarization of the core by
the p electrons.

We can attempt to decompose our observed hyperfine constants as
in equation (1), but we have the difficulty that only absolute mag-
nitudes are determined by the resonance experiments. Furthermore,
we have not yet been able to determine the relative signs of the
hyperfine constants. Let us assume that Ty = 12G and Ty = T, = X L4 G.
Then we have either
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0 _ 67, p=a7 (a)
or

(9 -1.3, p=53 (b)
If we assume that T, = -12 G, we obtajn negative values for P, which

is impossible. Negative values for T 0) ?rg also obtained, which
seems un&ikely in view of the fact that T 0) is positive for free
atomic N* and for the nitrogens in diphenyl pieryl hydrazyl.8 As-
suming, therefore, that Ty is positive, we have the problem of de-
ciding between alternatives (a) and sb;. Our inclination is to
favor (a) with the larger value of T{O) on the basis of the free
nitrogen value and the values for N trapped in various solids quoted
by King et al.>

Even the larger value of 2(0) is quite small compared with that
to be expected for a 2s electron, which is _about 520 G if one uses
the values of |¢és(o)12 given by Dousmanis’? or Mizushimal®. Using a

Hartree function, Lord and Blinder! e?t te T(o) = 600 G for a
nitrogeh 2s electron. The value of T 0) is s0 small, that it seems
quite likely that & in (2) is equal to zero and that the isotropic
hyperfine interaction is due to core polarization. A similar con-
clusion was reached by Lord and Blinder8 in studyling nitrogen hyper-
fine structure in hydrazyl and carbazyl. It appears likely, there-
fore, that the unpaired electron is not in a bonding orbital which
is likely to have considerable s admixture, but 1s, rather, in a p
orbital, perpendicular to a bond, i.e. a pworbital.

Lord and Blinder have calculated the anisotropic constant P for
a nitrogen 2p electron using a Slater orbital. They obtained P =
10.2 G. If the unpaired electron in the No center spends half its
time on each nitrogen, this number should be reduced by 1/2. The
result 5.1 G, agrees closely with alternative (b) for the P term of
the No hyperfine coupling but is about twice as large as the value
of P in alternative (a) which we have favored. The reason for this
smaller value of P might be that the electron is distributed over a
‘larger complex than one consisting of only two N atoms.

6.2 The g tensor. We can use the measured g tensor to attempt to
obtain further information about the structure of the Np center.
The principal values of the g tensor are given according to the
theory of Abragam and Prycell by

[1<ygl tlygg>12
g4 = & - —%;_%GE (3)

where g, is the free electron g, { is the spin-orbit coupling
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parameter, li ig the ith component of the orbital angular momentum
operator, ¢E is an excited state, and Eg and Eg are the energies of
the ground and the excited states respectively. If we try as a
model for the No center the No~ or Not ion, we might assume that the
order of molecular orbitals formed from 2p functions is as shown in
Fig. 7, wkich is the order for No. The w levels are depicted as
split by the interaction with the crystal environmment. Each level
is doubly degenerate so that the ground state configuration of N2+
would be (11'uy)2 (wux)2 og which is unacceptable, since the unpaired
electron must be a w electron; that of Né.would be

(D) (rgy)? (my)? (0g)2 mgy

Ty

Ty %
% Ty

Tux.

M. 4

Figure 7. Schematic representation of possible energy
level diagram for the N2 center.
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The only non-vanishing matrix elements in equation (3) are those
between states of like parity. We assume that all orbitals except
the ones we have shown are so much higher in energy that we can ig-
nore them. The excited configurations for No~ are, therefore,

(11) (mg)? (g )? (0 )% =
and
(111) (m)? (m )% o (m )

It is easy to show from equation (3) that = By We therefore
identify g, with the value 2.00027, and T,, = 12G, which is consist-
ent with the labels we have already used. It can be shown, moreover,
that the contribution to the shift in g, is produced by the excited
state (II) and the shift in gy is produced by excited state (III).
Since equation (3) shows that the g shifts are inversely proportional
to the excitation energies, we expect, on the basis of our postulated
level scheme, the shift in g; to be relatively large and the shift in
gx to be relatively small. This, too, is consistent with observa-
tions (Table I). Using Mizushima'slO value: { = 100 cm™", we can use
equation (3) to calculate AE;. It turns out to be 1.29 eV, a not un-
reasonable number for a crystal field splitting. Likewise, a calcu-
lation of AFEp glves 22 eV, which is large, but not outrageously so.
Disaster strikes suddenly, however, when we consider the signs of the
g shifts. Equation (3) predicts that g, should be shifted above g,
contrary to observations.

The consideration of other energy level schemes does not help
us out of this difficulty. For instance, the scheme in Fig. 8 is
consistent with N2+ or N2' as far as fulfilling our requirement that
the unpaired electron be & p electron, but either center would have
g values both above and below g, contrary to Table I. Other level
schemes appear very unlikely on the basis of qualitative energy
considerations.

A wey out of our dilemma is to assume that the color center
consists of more than just & pair of nitrogen atoms. It might, for
example, consist of two nitrogen atoms combined with impurity atoms
or with a vacancy. Any scheme will do which destroys the center of
symmetry, for then the parity restriction breaks down. It is now
easy, in a purely qualitative way, to explain the fact that both g,
and g, are less than g,. All one has to do is to assume that, in-
stead of the excited configuration (III) associated with Fig. 7, one
has the configuration

(IV) (m)? (r)® (00)° @

Other considerations such as the appearance of saturation in the

u
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Figure 8. Alternative scheme of possible energy levels
for the Ny center.

growth curve of N, and the small value of P are indicative of the
insufficiency of the Nzi group alone as a model for the center.

We are at present, or shall be in the near future, engaged in
extending our resonance measurements to helium temperatures, im-
proving measurements on thermal bleaching and attempting to obtain
higher purity crystals. We are hopeful that these efforts will
lead to a more definite model of the center.
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EXO-ELECTRON EMISSION AND
RELATED ELECTRON-EMISSIONS FROM SOLIDS*

by

H. J. Mueller
Basic Research Group
U. 8. Army Engineer Research and Development Laboratories
Fort Belvoir, Virginis

By exo-electron emission (EE), sometimes also called "Kramer-
effect” or "delayed electron emission", one understands nowadays
certain phenomenologically related but basically different electron
emission phenomena, observaeble on solid surfaces. It is character-
istic for this type of electron emission that it only occurs after
excitation of the surface of the sample by energy interaction (for
example: irradiation by light, x and gamme rays; bombardment with
electrons, ions or alpha particles; mechanical treatment).

Such an excited surface does not emit electrons yet; it is
only in the position for emission which has to be stimulated by an
additional energy interaction (heat, light). It is typical that the
emission of free electrons which is observed as the result of the
stimulation, i.e., the EE, decreases with progressing time, although
quality and intensity of the stimulation may remain constant.

The intensity of the emission currents is generally of the

order of 10718 . 10-15 [}/cm?] . Thus, it is necessary to use
counting methods instead of dc measurements for the detection of
exo-electrons (E). The small kinetic energy of the emitted E
necessitates the utilization of either open secondary electron
multipliers or specially constructed unsealed Geiger counters in
which the sample is made part of the counter wall.

To give some typical examples of an EE: (1) On warming up,
many substances show an emission of electrons subsequent to uv or
x-irradiation (Fig. 1). Usually the emission passes through several
maxima as a function of temperature (glow curve). Sometimes even
the ambient temperature provides enough stimulation for such excited
samples to emit spontaneously (Fig. 2). (2) Spontaneous emission of
E has been often observed subsequent to fragmentation or deformation
of inorganic crystals, or (3) as a result of certain phase
transitions.

¥ This paper is, in essence, & summary of USAERDL Research Report
1704-RR to be published. Literature references have been omitted
in this text since the cited report also includes a complete
literature survey to which the reader is referred.
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Fig. 1. Exo-electron glow curve of x irradiated Cu (after H.
Mueller).

The emission of E is a very common effect and its late discov-
ery was only due to the fact that the small emission currents escaped
the attention of earlier investigators. However, a generally applic-
able theory of the EE does not yet exist. This, despite the fact
that a considerable amount of experimental material has accumulated
over the years and many attempts have been made to arrive at a satis-
factory theoretical understanding.

It is the author's intention to give in the present paper a
summary of the problems of EE and to indicate at the same time the
potentialities in using E for the study of lattice imperfections,
surface conditions and surface phenomena.®

The earliest observations of EE were made on metal samples which
had been excited by mechanical treatment (polishing, abrasion, machin-
ing, etc.). At the same time it was found that during phase transi-
tions, for instance the solidification of a metal melt, an outburst
of free electrons can also be observed. This led J. Kramer, the dis-
coverer of EE, to the conclusion that in both cases, the emission of
electrons is caused by an exothermal reaction, and, therefore, the

* In this context we will understand by surface a region of several
100 & thickness.
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Fig. 2. Decay of the spontaneous exo-electron emission of x
irradiated NaCl (after J. Kramer) at various temperatures.

name exo-electrons. In the case of mechanically excited metals, the
exothermal reaction was assumed by Kramer to consist of the transi-
tion of a hypothetical non-metallic modification of the metal, un-
stable at ambient and elevated temperature, into the normal metallic
modification. He assumed the non-metallic phase to be formed by the
deformative mechanical treatment of the metal surface while in the
"metallic" state.

This interpretation of the EE, however, was not applicable to
the emission from radiation-excited metal samples and to the EE ob-
served on non-metallic substances. Investigations performed on
alkali halides showed that for these substances, the emission of E
follows a mechanism which is practically identical with the well
established trap model of recombination-luminescence (Fig. 3):
lattice defects, acting as electron traps are filled by the excita-
tion process. The stimulation process promotes in the usual manner
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previously trapped electrons into the conduction band where they
have the choice either (1) to recombine with activator terms, thus
giving rise to luminescence, (2) to recombine non-radiantly or (3)
to leave the crystal surface entirely by virtue of a mechanism not

yet known, thus causing EE.

For alkali halides, this model is well

supported by experimental evidence, especially by the frequently

observed simultaneous occurrence of luminescence (Fig. 4) and en-

hanced electrical conductivity as well.
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Fig. 4. Exo-electron and luminescence glow curves of CaFp

after excitation by x rays (after A. Bohun).
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Still pending though is the question how the E are finally
ejected since, once in the conduction band, the experiment shows
that obviously no additional energy supply from outside is necessary
to achieve emission. Proposed mechanisms for this act of .ejection
are: (1) emission via energetically shallow surface traps;

(2) emission from preferred sites on the surface which possess an
extraordinarily low electron work function due to the presence of
structure defects or adsorbed molecules; (3) facilitation of the
electron emission by a hypothetical electric dipole layer in the
surface region;* (4) emission as a consequence of the Maxwell
energy distribution of the electrons in the conduction band. Those
few electrons with unusually high kinetic energies should be able
to leave the crystal. However, experimental results obtained so
far do not yet permit a decision in favor of one of the aforemen-
tioned models.

The interpretation of the EE from metals underwent a drastic
change when it became evident that the E are not emitted from the
metal as such but from the crystalline, non-metallic surface layers
(oxides, etc.), by which metals are always covered under normal con-
ditions. Moreover, it was found that these surface layers had to be
deformed in order to be excitable to EE. Now, the electron trap
model, which successfully explained the EE from alkali halides, was
also applied to the emission rrom metals, i.e., from oxides, sul-
fides, etc. However, it soon appeared that it was not possible to
interpret by the simple luminescence model certain results obtained
with these substances, of which many exhibit semiconductor charac-
teristics. It was found, for example, that EE sometimes occurs
without a detectable population of the conduction band by electrons.
It further could be shown that in certain cases the electron traps
(centers) which are responsible for luminescence and EE, respectively,
were not the same.

A systematic investigation of the x ray excited EE from various
metals and their respective oxides and sulfides led to amazing re-
sults: <the glow curves of all studled metals were qualitatively
alike, i.e., with respect to the position of the individual glow
curve maxima (Fig. 5). The situation was similar in the case of me-
tal oxides and sulfides (Fig. 6). In particular a maximum at 160° C
was characteristic for oxides and oxidic surface layers, whereas a
maximum at 140° C obviously is typical for sulfides. These and other
facts, too, led to the present opinion that the orthodox luminescence
type model of the EE cannot generally be used for non-metallic sub-
stances. Although this model certainly holds true for ionic crystals
of the alkali halide type, the EE of the majority of substances seems
to follow a different pattern, of which we do not yet know very much.

* This layer shall be formed due to different diffusivity for elec-
tric negative and positive point defects (vacancies).
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Fig. 6. Positions of the maxima in the glow curves of x irrad-
iated oxides and sulfides (after H. Hieslmeir and H. Mueller).
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Apparently, the E are sometimes emitted due to a direct interaction
of filled electron traps with other lattice defects without utilizing
the conduction band. Emission by such a mechanism is, of course,
restricted to the surface region only, which is perfectly consistent
with recent experimental results. It seems, furthermore, that ad-
sorption phenomena at the emitting surface not only influence strong-
ly and characteristically the emission of E, but obviously are even
responsible for the formation of emission centers in some cases. The
aforementioned similarity of the electron glow curves of various
metals, for instance, force this assumption.

The most obvious characteristic of an EE is the fact that the
intensity of the emission current decreases as time progresses after
termination of the excitation process: a constantly decreasing
"after-current” of electrons is observable. Under certain conditions,
however, electron after-currents have been detected which were not
caused by a trap mechanism as discussed before, although this has
been called EE too. It is advisable to distinguish correctly between
these only phenomenologically similar electron emissions and the
"true" EE which involves a trap mechanism, by calling them what they
really are, namely, chemi-emission, enhanced photoemission, etc.

Important examples of such "pseudo" EE are (1) the electron
emission observed on abraded metal surfaces or freshly evaporated
metal films, (2) the electron emission observed during oxidation or
reduction processes and (3) the electron emission observable upon
irradiation of light on abraded or freshly evaporated metal samples.

Whereas the emissions under (1) and (2) are examples of chemi-
emission, i.e., the emission of electrons associated with chemical
reactions (here the oxidation of the clean metal surface or the re-
duction of the non-metallic surface layers), the electron emission
under (3) is a photoemission caused by the sensitization of a clean
metal surface by traces of oxygen. It shall be emphasized that the
latter phenomenon is not a case of light-stimulated EE: +the forma-
tion of an oxide film on such a clean metal surface gradually anni-
hilates the sites of extremely low work function originally created
at the surface by adsorption. This results in a decrease of the
emissivity for photoelectrons as time progresses and, thus, the pat-
tern of an after-current is obtained. In the case of chemi-emission
(oxidation, reduction), the course of the reaction is simply re-
flected by the electron emission.

Still problematic is the interpretation of the EE observable
during certain phase transitions. Figure T shows the electron emis-
sion peak during the solidification of molten metal. Figures 8 and
9 illustrate how E measurements can be used under certain circum-
stances to establish a phase diagram. The mechanism of the electron
emigsion during phase transitions is not yet clear. In the case of



‘ .
B L R o - v o AR R § SRV

12

400

61.9 Sn -38.9Pb

200

200’ 180 160 140°C

Fig. 7. Electron emission peak observed during the solidifi-
cation of an eutectic Sn-Pb alloy (after F. Futschik et al).

liquid-solid transitions of metals it is probably the result of the
formation and eventual deformation of thin non-metallic surface
layers. Further studies will have to provide a satisfactory answer.

Summarizing, one can say that our understanding of exo-electron
phenomena and similar after-current effects is gradually improving,
although we are far from standing on firm theoretical ground. It
becomes more and more evident that these after-currents are extremely
structure dependent. They reflect sensitively the physical condi-
tions prevailing on the emitting surface although only too often the
interpretation of the emission is complicated. The information one
gets stems from a surface region which jis, according to the experi-
ments, certainly not thicker than 1000 A. More recent results indi-
cate, however, that the emission process obviously takes place in a
much thinner region or even only within the range of surface
adsorption.

Besldes the basic scientific interest in studying E processes,
this phenomenon can be used as a tool for surface investigations.
The advantage of the E method lles in the fact that the energy
action with the probe is small and, hence, one may expect that the
surface conditions under study are not going to be changed by the
measurement itself. On the other hand, the E technique is not yet
a self-supporting method of investigation. It has to be combined,
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for example, with measurements of luminescence, electrical conduc-
tivity, diffraction techniques, etc. But then, valuable new infor-
mation can be gained despite the present lack of a full theoretical
understanding of the phenomenon.
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Fig. 8. Electron emission observed while passing the liquidus
and eutectic temperatures of a Sn-Pb alloy (after F. Futschik
et al).
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Fig. 9. Phase diagram of the binary system Sn-Pb. The dots

represent the temperatures at which electron emission maxima

were observed while cooling samples of this particular compo-
sition (after F. Futschik et :IB)
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IRRADIATION PRODUCED PARAMAGNETIC DEFECT CENTERS
IN SINGLE CRYSTAL POTASSIUM AZIDE

by

D. Mergerian and S. A. Marshall
Illinois Institute of Technology and Physics Division
Armour Research Foundation
Chicago, Illinois

A magnetic resonance adsorption centered about g = 2 and show-
ing no evidence of fine structure is reported in x-irradiated single
crystals of potassium azide. Six main absorption lines, which are
clearly resolved, are studied in detail and are shown to be a com-
position of two distinct spectra, each consisting of three nuclear
hyperfine components. One of these two sets of lines exhibits an
anisotropic hyperfine splitting which varies between 38 and 3 oer-
steds, while the other set is likewise anisotropic and ranges be-
tween 62 oersteds and 31 oersteds. The former set of lines is
attributed to NO molecules trapped at azide ion vacancies while the
latter set is attributed to NOp, molecules trapped at potassium ion
vacancies. These molecular species are formed during the irradia-
tion process from nitrate impurities contained in the lattice. The
latter set of lines further exhibits a partially resolved seven line
structure which is Interpreted to be the result of interaction be-
tween the unpaired electron and next to nearest neighbor potassium
ions. The saturation behavior of these spectra is studied and an
attempt is made to explein the partially inhomogeneous saturation
of the latter set of lines on the basis of & broadening mechanism
based on the partially resolved seven line structure.
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STUDIES OF PREPARATION AND FROPERTIES OF
AIKALI AZIDES AND EFFECTS OF THIS ACTIVITY
ON THERMODYNAMIC AND THERMOCHEMICAL DATA

by

K. Torkar and H. Krischner
Technische Hochschule Graz.
Graz, Austria

The studies being carried on under our contract are mainly con-
cerned with the preparation and examination of azides, in particular
of Na azide, in active form. In this case, "activity" can be defined
as the state of a solid due to which it will take part in chemical
reactions in a more active way than it would in its inactive state.
This increased reactivity is caused by a higher energy content, which
may be due to lattice disorders, enclosed impurities, or smaller size
of particles. Although "active" solids play a very important part in
many technological processes - Just think of "fluidized bed" reac-
tions, ceramic industry, powder metallurgy, or catalytic reactions -
the theoretical aspect of activity has not been paid sufficient at-
tention until now.

Active substances show other specific properties than inactive
ones. They may, therefore, take part in reactions in an entirely
different way. This also very often accounts for the insufficient
correspondence between the results of experiments and those of cal-
culations based on tabulated values. In order to be able to apply
calculations to actually occurring reactions it is necessary to in-
dicate as precisely as possible all those values in which the active
substance differs from the inactive state as characterized by tabu-
lated data. This aim can only be achieved by satisfactory explana-
tion of the causes of "activity".

One of the reasons of the energy surplus is to be found in dis-
orders of the lattice structure. Deviations from the ideal crystal
structure may be due to lattice distortions, dislocations and vacan-
cies. Classification of these irregularities depends on the view-
point one is going to adopt. According to Huttig, for instance,
lattice disorders can be classified as reversible or irreversible.
We are using a classification enabling us to detect such deviations
from the ideal crystal by means of X-ray diffraction techniques,
which renders it possible to make quantitative statements.

Changes in the lattice structure can be due to internal stresses
of first order. Within macroscopic ranges, the extent of lattice
distortions is constant. Over & larger area, atoms have been removed
from their normal position. Internal stresses of first order thus



148

result in a displacement of diffraction patterns, but without broad-
ening them. This displacement also causes a uniform change in the
position of interferences, accompanied by deviations from the lattice
constant. This type of lattice disorders may, for instance, be caused
by mechanical stress.

With internsl stresses of second order, lattice distortions are
constant within one particle; they will, however, differ from one
particle to another one. This causes a broadening of interferences
which is not dependent on the angle of diffraction. Such lattice
distortions have been observed, for example, where differences in
concentration of solid solutions occurred.

If deviations from the ideal crystal are due to internal stresses
of third order, that is due to short-range lattice disorders within
the particles themselves, broadening of interferences has been proved
to depend on the angle of diffraction. The broadening of reflections
in such cases i1s proportional to the tangents of the angle of dif-
fraction and can be given as the percentage mean change gg of the
lattice constant.

Another reason for the broadening of interferences is the small
size of primary particles. Based on this assumption, it is possible
to determine the average size of primary particles of crystalline
substances down to approximately 20 A. This broadening occurs pro-
portionally to the reciprocal cosine of the angle of diffraction.
Thus it can be distinguished in most cases from internal stresses of
third order.

In active substances there may, however, also exist structural
disorders which may condition other disturbances similar to quenched
in heat vibrations. Since this results in a decreased intensity of
the interferences, these structural disorders can be expressed
quantitatively.

Vacancies can also be proved by diffraction methods, as they
produce a scatter radiation, which can be detected by background
analyses under strictly comparable recording conditions.

All these investigations are rendered difficult by the fact that
lattice disorders will occur much more frequently on the surface than
in the interior of a crystal. But even in this case statements con-
cerning the extent ot the zone of disorder - the "Oberflaechenraum",
as we call it - can be made by determination of surface energies.

The aforementioned causes of the activity are also responsible
for the different reaction behavior of active substances. From the
qualitative viewpoint, based on the experience gained in industry and
laboratory research, we can say that active preparations will show an
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earlier, quicker and more vehement reaction than inactive substances;
in many cases the reaction will even take a different direction.

It is the aim of our work in this field to make quantitative
predictions concerning the changing reaction behavior of active sub-
stances on account of differences of their properties. For all these
questions, the energy conditions of the preparations are of paramount
importance.

Due to lattice disorders, active substances have & higher con-
tent of enthalpy (Ef - HT). It is comparatively easy to determine
this surplus of total enthalpy, for instance by determining heats of
solution or by DTA measurements. For further calculations, however,
this total enthalpy must be divided into free and latent energy:

GT=EI|-T-ST (l)

But since Sp is difficult to determine by direct methods, this equa-
tion is very often, though not quite correctly, expressed in the
following way:

T
GT=HT-T./O _;p_.dT (2)

or, taking into account the differences between active and inactive
states:

(Gp* - Gp) = (Hp* - Bp) - T.[ _Cpti_c-p- .aT (3)

I am not going to discuss here in detail all these calculations,
vwhich base on well-known methods. I am rather going to concentrate
on one point which, although of great importance, is normally not
glven sufficient consideration.

Theoretical considerations and practical measurements show that
the molar heat C; of the active state is greater than C. of the in-
active substance. But in most cases, the measured diffgrence is
found to be so insignificant that many authors assume the difference
of total enthalpies being identical with the difference of free

enthalpy:

(Gp* - Gp) ~ (Hp* - Hyp) (4)

This assumption, however, i1s only permissible, if in the expression
for the temperature dependency of the entropy the value 8p, that is
the zero point entropy, will be equal for zero:
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sT=So+f—%‘-dT (5)

Considering inactive substances, this assumption generslly
holds true. This is, however, not the case for an active preparation
the lattice disorders of which will even subsist at 0° K. Conse-
quently, an active substance will have a zero point entropy Sg dif-
ferent from zero, since it does not reach the ideal lattice-order at
zero absolute. A clue, with respect to the possible amount of zero
point entropy of active substances is obtained from the following
conslderation: The more lattice disorders a substance is showing
and the higher its activity will be, the closer will it come to a
state of general disorder. Such a state of disorder exists to a
large extent in amorphous substances; it is ideally present in the
amorphous state of melting. The difference between the two entro-
pies of the solid and liquid states, the melting entropy, will
therefore represent the meximum of possible disorder of a solid.

The zero point entropy of active solid substances will thus be found
between zero and the melting entropy; it will normally amount to a
certain percentage of the melting entropy. Measurements have given
values corresponding to about 30 percent of the melting entropy. If
we now define activity as the difference in free enthalpy between
the active and inactive states of a substance, giving it the symbol
Ap*, equation (3) should be written, more correctly, in the follow-
ing form:

T
(0" - G) = ag* = (" - ) - msg? - m [ GE Gy ar (6)

With the aid of this equation we can give a quantitative description
of the resctions of solids. Since AG is not equal to AH, direct

conclusions, for example from the heats of solution to the affinity*
of & reaction, are not possible without considering the value of SO .

The difference in total enthalpy, HT* - Hp, shows how much more

vehemently a reaction will take place in the case of an active sub-

stance. The difference in free enthalpy, GT* - GT, on the other

hand, indicates how much earlier a reaction will occur, because
GT* = «RT 1n Kp, thus being related to the equilibrium constant.

In order to determine how much faster a reaction will take
place, we can also use kinetic methods:

_ &G akt.
k=A ‘e RT (7)

The free reaction enthalpy of activation is closely related to
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activity. This enables us, therefore, to combine kinetic measure-
ments with thermodynamic calculations.

After this short review of causes and effects of activity I
should like to give you & survey of the methods we are using or in-
tend to use in preparing and examining active sodium azides.

In order to obtain active NaN3, we first introduced saturated
solutions of this azide into other liquids in which it is insoluble
or only slightly soluble. By varying the conditlions of precipita-
tion we obtained preparations of different degrees of activity.
Size of the particles of these preparations was between 20 and 1 u,
depending on the conditions of precipitation. In order to obtain
finer particles of higher activity, we constructed a special atom-
izing apparatus. In this atomizer, an alcoholic solution of Na
azide is sprayed by a nozzle in a nitrogen atmosphere. The evapor-
ation effect is further increased by low pressure in the atomizing
chamber. By careful selection of the most sultable test conditions
we hope to obtain preparations of high activity.

For the determination of total enthalpies, that is of Hp values,
we at first used for measuring heats of solution a calorimeter with a
thermopile. With the aid of this apparatus, the heat of solution of
NaN3 (s product of the Merck firm) was found to be 3.170 * Lo
calories/mol. This value is consistent with those given in the
literature.

Heats of solution of the precipitated preparations were, how-
ever, mostly within the margins of error of our apparatus. We
therefore built a new micro-differential calorimeter, which, though
working with smaller quantities, permits more exact measurements.
Temperature is measured by means of thermistors; changes in temper-
ature are registered graphically by a compensation recorder. All
values can be determined either by absolute measurements or by the
differential method.

Since our DTA apparatus proved unsuitable for the examination
of NaN3, we designed a new apparatus. The new plan will consist of
& DTA set working in a nitrogen atmosphere, suspended from the lever
of an analytical balance. In this way thermogravimetric measurements
can be carried out simultaneously with the differential thermal
analysis.

As already mentioned, it is very important for the characteriza-
tion of an active substance to know the difference in specific heats
vhich permit conclusions as to its zero point entropy. We built
therefore a drop calorimeter which can also be used at low tempera-
tures. The sample to be examined is heated or cooled to the desired
temperature in a Dewar vessel. For the measurement, the sample is
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then dropped into the metal block below. The change in temperature
of the metal block is measured by comparison with an analogous metal
block of constant temperature. Calibration tests carried out so far
have ylelded satisfactory results.

For surface measurements we have a BET apparatus at our disposal.
Since this has been designed for large surfaces only, whereas in
measurements of sodium azide we usually deal with small surfaces, we
have also adapted the apparatus to this condition.

For investigation of kinetic processes, we set up an apparatus
to decompose NaN, under strictly defined conditions. The reaction
can be followed éy reading the increase in pressure. It has been
observed that azide samples of different preparation showed differ-
ent patterns of pressure increase. By isothermal heating of NaN
(Merck) we were able to determine the energy of activation of ther-
mal decomposition, which was found to be 34,8 kcal * 3% per mole.

Furthermore, tests are being carried out in order to study the
activity by means of the reaction of NaN3 with hydrogen. This re-
quires, however, a more detailed investigation of the mechanism of
such reactions.

Our new X-ray apparatus enables us to make Guinier patterns
with the big double chamber according to Professor Jagodzinsky.
This photographic method seems especially suitable for our studies,
not only on account of its high resolving power but also because of
the fact that the preparation can be moved while being partially
exposed to the radiation. This is a great advantage, as it prevents
extensive irradiation of the sample.

In addition, we can also carry out diffraction measurements by
means of a Gelger-counter tube goniometer. In order to be able to
determine the width of lines without a calibration substance, we have
calculated correction tables for this apparatus. Using these tables,
we can easily determine the size of particles and detect lattice
distortions.

In the course of our studies of sodium azide we have found that
our active preparations are subject to considerable changes when ex-
posed to atmospheric air. For example, by short friction of a pre-
paration in air the temperature of decomposition was considerably
reduced. We are therefore building a device which will permit us to
handle our preparations in an inert atmosphere (nitrogen) so that
they will not be exposed to atmospheric oxygen. In this way we hope
to create strictly defined conditions for our experiments.

It was only half a year ago that we began our studies in the
field of azides. Until now, we have been mainly concerned with
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verfecting our equipment. Our next task will be the preparation of
Na-azide of very high purity using ion exchangers. The azides thus
obtained will then be "activated" either by suitable methods of

preparation or by introduction of impurity lons, so that it will be
possible to study the influence of these parameters in full details.
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INFRARED SPECTRA OF THE AZIDE ION IN
AIKALI HALIDE LATTICES*+

by

James I. Bryantttand George C. Turrell
Department of Chemistry, Howard University
Washington 1, D. C.

I. INTRODUCTION

If a polyatomic ion is introduced as a substitutional impurity
into a crystal lattice, the vibrational frequencies of the ion are
dependent upon the potential function which governs its interactions
with the lattice. Thus if a satisfactory model of impurity ion-
lattice interaction can be developed, a quantitative method of de-
termining the interionic potential function is provided by measuring
the vibrational frequencies of a given impurity ion as functions of
the nature of the lattice and as functions of temperature. Hence
the introduction of an impurity ion as a "probe" into a crystal lat-
tice offers a powerful method of investigating interionic forces.

Small polyatomic ions have been incorporated into the lattices
of some fifteen to twenty alkali halides. The alkali halides are
particularly convenient matrices because of their transparency in
much of the infrared region of the spectrum. In 1956 Ketelaar,
Heas, and van der Elskenl compared the infrared absorption spectra
of different bifluorides in alkali-halide disks with spectra of the
corresponding Nujol emulsions. Evidence of lattice intermixing
(solid solution) in the pressed disks was reported. Somewhat later
van der Elsken® considered in some detail the roles of induction,
short-range, and electrostatic forces in effecting the frequency
shifts of the asymmetric stretching mode of the bifluoride ion in
alkali-halide lattices. From these studies of the bifluoride ion,

¥ Based on a Dissertation submitted by James I. Bryant to the Grad-
uate School, Howard University, in partial fulfillment of the re-
quirements for the Ph.D. degree, June, 1961. Presented in part at
the Annual Symposium on Molecular Structure and Spectroscopy, The
Ohio State University, June, 1961.

+ This work received the financial support of the Basic Research
Group, U. S. Army Engineer Research and Development Laboratories,
Fort Belvoir, Virginia, under Contract DA-4L-009-ENG-4532, Project
No. 8F0OT7-11-001-02.

*# Present address: Basic Research Group, U. S. Army Engineer Re-
search and Development Laboratories, Fort Belvoir, Virginia.
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it was concluded that the effects of matrix polarization (dipole-
induced dipole forces) must be seriously considered, while the
short-range repulsive forces are of little importance.3

In the recent work of Maki and Deciush the cyanate ion has been
extensively studied as a substitutional impurity in KI, KBr, KC1l and
NaCl lattices. A detailed vibrational energy expression was deduced
which included most of the anharmonicity constants for the cyanate
ion. Consideration of the interionic forces suggested that, although
the induction energy exerts a measurable influence on the frequencies,
the repulsive (short-range) interaction is predominant.

The above studies, and others,5'7 have prompted further consid-
eration of spectra of impurity ions in alkali-halide matrices,
especially with respect to the relative magnitudes of the various
interaction forces between the substituted ion and the surrounding
matrix.

In this paper a model of a linear ion substituted in a cubic
host lattice is developed. An experimental test is provided for the
proposed model by measuring the vibrational frequencies of the azide
ion, N37, in various alkali-halide lattices and over a suitable tem-
perature range. The contributions of inductive, short-range and
Coulombic forces to the potential energy expression for vibrations
of this ion in KI, KBr and KCl matrices are calculated.

II. SYMMETRY CONSIDERATIONS
A. Symmetry of the Azide Ion

Several x-ray diffraction studies8-10 have indicated that the
azide ion 1s linear and symmetric with a N--N distance of 1.15 A.
However, Bassierell has suggested that the azide ion in sodium
azide is asymmetric with bond lengths of 1.10 and 1.26 A. The lat-
ter conclusion is in direct conflict with the spectroscopic evi-
dence.12,13 1In the present work the symmetric structure will be
assumed to be correct.

A triatomic molecule of point group has three fundameq§al
vibrational frequencies, a symmetric stretcﬁ?ng mode v; (a;. ¥

a doubly degenerate bending mode vo (ey #T ) and an asvmme%r
stretching mode v3 ( aoy ¥2 ) The symmetr!b stretching fundamental
is of course 1nfrared inactYVe.

The harmonic frequenciles corﬁesponding to the two infrared-
active fundamentals are given by

l+112w§ = 6 k3/m (1)
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22 o
wol 3 k3/m (2)
vhere m is the mass of & nitrogen atom, kg = foo and kg = f33-f13,

with the fy 3 the elements of the potential energy matrix.

B. Symmetry of the Azide Ion in a Cubic Site

When a linear and symmetric ion is introduced as a substitu-
tional impurity into a cubic lattice, the site symmetry (Cf) will
be reduced to an extent which is dependent on the orientation of the
impurity ion within the site. Possible orientations are shown in
Table I with the resulting subgroups of O, the symmetry species of
the normal vibrations and the infrared or Raman activity. Table I
also includes the symmetry species of the nonvanishing frequencies
of rotational (librational) and translational motions of the ion.

Table I. Representations of ‘o;oh in 0;1

Subgroup o P P mh Gy
(orientation) ("free") (on Cy) (on C3) (on Cy)  (on mo C) | Activity
+
Vi 2 A A A A Raman
. lg 18 & 8
+
V-
3 Eu A2u Ai‘u Blu Au 1.R.
/ P2 o
w n —pg, —E L.R
u u \
B3u A
/ P2 ‘s
(Rx;Ry) N, ———EgE ——E Raman
g 4 g \
B38 A8
+
T, Dk, ——a, | 1n
/ BQu Au
(Tx,Ty) "u —E, —E I.R.
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It can be seen from Table I that the perpendicular vibrations
of the azide ion should exhibit site-splitting if the orientation is
either along the twofold axis or & more general one. The apparent
absence of splitting of the perpendicular vibrations of the cyansate
ion, plus the observed temperature dependence of the vibrational
fundamentals (increasing with decreasing temperature) strongly sug-
gest that it is oriented along the threefold axis of the cubic cell.h
If the same orientation can be assumed for the azide ion in an alkali-
halide matrix, the resulting subgroup is 7. and the representations
are as given in Table I. A diagram of the ggide ion in such a matrix
is shown in Fig. 1.

Figure 1. Azide ion in a cubic lattice (C3 orientation).

III. EXPERIMENTAL PROCEDURE
A. Sample Preparation

The first efforts in sample preparation were directed toward
growing crystals from aqueous solution. Due to the decomposition of
N3' at temperatures far below the melting point of the alkali halides,
samples could not be prepared by the more convenient method of grow-
ing crystals from the melt.
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A rather detailed study was made of the effects of temperature,
rate of evaporation, rate of stirring, size of the seed crystal, pH,
and azide ion concentration on the size and quality of single crys-
tals grown from saturated solutions of the various. alkali halides.

It was indicated at the outset, and was repeatedly confirmed in

later studies, that a strong rejection of the azide ion by the alkalil-
halide lattice occurs. Hence the azide-to-lattice concentration ratio
wes invariably much smaller in the crystals than in the solution from

vhich the crystals were grown. It was, therefore, impossible by this

method to obtain samples which ylelded strong spectra.

The following procedure furnished the most concentrated samples
obtained by crystal growth from solution. Cleaved optical blanks of
KI, KBr, KC1 and NaCl spproximately 20 mm X 10 mm X 2 mm were placed
into saturated solutions of the respective alkali halide containing
approximately l% of the corresponding alkali azide. Upon slow evap-
oration growth took place on the faces of the cleaved blanks produc-
ing samples which could be conveniently hendled and which were of
sufficient size to intercept most of the radiation when the samples
were placed in a conventional low-temperature cell, 15 By this method
samples of azide~-substituted KI and KBr single crystals were obtained.
Samples of KC1l and NaCl prepared by the same procedure yielded spectra
which indicated that no substitution had taken place, i.e., the crys-
tal growth which took place on the faces of the blanks consisted en-
tirely of the respective alkalil halide.

In view of the limitations of the semples prepared by the
crystal-grovth method, which yielded spectra with weak fundamentals
and little or no observable fine structure, other methods for prepa-
ration of the desiged solid solutions were sought. Recently several
1nvestigatorsl:7’l have reported preperation of samples in which
small diatomic and triatomic anions were introduced into the lattices
of alkall halides by various modifications of the pressed-disk tech-
nique. In the present work the following procedure was adopted for
the preparation of pressed-disk samples.

A dilute solution containing 0.5 gram of the alkall azide and
20 grams of the corresponding alkali halide was quickly frozen with
liquid nitrogen in a chamber of a freeze-drying cell. An adjacent
chamber was then surrounded by & Dewar flask containing liquid nitro-
gen and the cell was evacuated. In about twenty-four hours the sol-
vent sublimed into the latter chamber leaving a very finely divided
and highly intermixed residue. Before pressing, the residue was
heated in a vacuum oven to approximately 200° C. The disks, which
were 1/2 inch in diameter, were pressed in an evacuable die by the
application of approximately 12 tons for a period of 45 to 60 minutes.
By this method, samples of the azide ion in KI, KBr, KCl and NaCl
matrices were prepared.
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The sodium and potassium azides used were technical grade salts
and were purified by several recrystallizations. The alkali halides
used were all analyzed reagent grade salts which received no further
treatment.

B. Spectral Measurements

A Perkin-Elmer Model 21 infrared spectrometer equipped with a
NaCl prism was used Eo obtain survey spectra of all samples over the
region from 5000 em™™ to 630 em™~. This instrument was also used
for detailed investigations of frequency shifts of the bending fund-
amental with temperature and with changes of the host lattice. The
region of the strong asymmetric stretching fundamental, v3, was in-
vestigated using a Perkin-Elmer Model 112 infrared spectrometer
equipped with a lithium fluoride prism.

Samples were studied at room temperature and downward to ap-
proximately 120° K using the low-temperature cell with dry ice or
liquid nitrogen as refrigerants. Temperatures of the samples were
monitored by means of & chromel-alumel thermocouple attached to a
supporting rocksalt window.

IV. RESULTS

The frequency dependencies of the fundamentals v, and Vo of
the azide ion on the nature of the matrix are shown in Figs. 2 and
3, respectively. Figure 4 shows the temperature dependence of v
in KI, KBr, KC1 and NaCl hosts, while the analogous results for the
bending mode are presented in Fig. 5. _Frequencies were measured
with a precision approaching * 0.1 em™d by expanding the normal ab-
scissa of the spectrometer and measuring the midpoints of the bands
using dividers and a scale. In fitting the curves more weight was
given to the temperature equilibrium points (room temperature, dry
ice-acetone temperature and liquid-nitrogen temperature) than to
intermediate, nonstatic temperature points. Due to imperfect con-
tact between the thermocouple and the effective absorbing region of
the sample, the accuracy of the reported temperatures is estimated
not to exceed * 10° K.

It is felt that the above results, besides furnishing the de-
sired frequency shift-temperature information, provide considerable
evidence for the occurrence of lattice intermixing in pressed disks.
Although the absence of splitting of the bending fundemental of the
azide ion in pressed-disk samples is not proof of the occurrence of
lattice intermixing, it does support such an assumption. The strong-
est evidence for solid solution in the pressed-disk samples is furn-
ished by the agreement of frequencies of the strong asymmetric



g W,

]
- AR —

161

*S3D0TQ31ET SNOTJIBA UT UOT 9przZe U3 JOo ¢ €a ¢ Tejuswepuny BUTYO4aI4S OTajoumisy °2 2Jan3Td

1-ND ‘SUIBNNN 3AVM

Oliz 00i2 0602 0802 002 0902 O0G0C O¥OZ 002 0202 OIOZ 0002 O66 086!
L] LJ L}

1 ) ¥ T T ]

-5: L L}

) I G311MNSNVYL
’ ASY3N3

/
3

6-
*w




162

~~\\ -,: { -
‘|‘ ! --.:- H : I
doE

<.

Gl

ENERGY KBr
TRANSMITTED

36 638 640 642 644 646
WAVE NUMBERS, cn-!

Figure 3. Bending fundamental, v,, of the azide ion in various
lattices.
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stretching fundamental in pressed-disk samples with tho